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Sir: 
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the Office Action dated August 23, 2004. An Amendment Under 37 C.F.R. §1.116 is being 
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authorized to deduct or credit said fees from or to Fulbright & Jaworski Deposit Account No. 50- 
1212/DEKM:184USD1. 

Please date stamp and return the attached postcard as evidence of receipt. 
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I. REAL PARTY IN INTEREST 

The real party in interest is Monsanto Company, the parent company of assignee DeKalb 

Genetics Corp. 

II. RELATED APPEALS AND INTERFERENCES 

There are no interferences or appeals for related cases. 

III. STATUS OF THE CLAIMS 

Claims 1-58 were originally filed. Claims 59-96 were added and claims 1-58 were 
cancelled in the Preliminary Amendment mailed on December 7, 2000. In response to a 
Restriction Requirement, Appellants elected Group I, comprising claims 59-63 and 72-73. 
Claims 64-71 and 74-96 were subsequently withdrawn from consideration by the Examiner as 
drawn to non-elected subject matter. 

An Amendment Under 37 C.F.R. §1.116 was filed with the first Appeal Brief on March 
12, 2004 and was entered by the Examiner. A second Amendment Under 37 C.F.R. §1.116 is 
being concurrently filed. 

Claims 59-63 and 72-73 were pending and under consideration at the time of the Office 
Action dated August 23, 2004. These claims are still pending, under consideration and are the 
subject of this Appeal. A copy of the appealed claims as they stand without entry of the 
concurrently filed Amendment Under 37 C.F.R. §1.116 is attached as Appendix 1 and a copy of 
the claims as they stand with entry of this Amendment is attached as Appendix 2. 
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IV. STATUS OF AMENDMENTS 

An Amendment Under 37 C.F.R. §1.116 was filed with an Appeal Brief on March 12, 
2004 and was entered by the Examiner. 

A second Amendment Under 37 C.F.R. §1.1 16 is being filed concurrently filed amending 
claim 63 to specify that the claimed seed includes the recombinant DNA segment of the 
transgenic plant of claim 61. The status of the Amendment is unknown. No other claim 
amendments have been made subsequent to the Office Action. 

V. SUMMARY OF CLAIMED SUBJECT MATTER 

The invention relates to methods for the creation of transgenic monocot plants and seeds 
that display increased water stress resistance or tolerance. Specification at page 3, lines 20-24. 
More particularly, it concerns expression in monocots of an enzyme that catalyzes the synthesis 
of the osmoprotectant proline. Specification at page 3, lines 26-29, and page 4, line 8. 

VI. GROUNDS OF REJECTION TO BE REVIEWED ON APPEAL 

(A) Are claims 59-63 and 72-73 properly rejected under 35 U.S.C. § 112, first 
paragraph, as lacking an adequate written description in the specification? 

(B) Are claims 59-63 and 72-73 properly rejected under 35 U.S.C. § 112, first 
paragraph, as lacking enablement in the specification? 

(C) Are claims 61-63 properly rejected under 35 U.S.C. § 112, second paragraph, as 
being indefinite? 

(D) Is claim 63 properly rejected under 35 U.S.C. § 101 as directed to non-statutory 
subject matter? 
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(E) Are claims 59-61, 63, 72 and 73 properly rejected under 35 U.S.C. § 102(e) as 
being anticipated by Verma et al (U.S. Patent 5,639,950)? 

(F) Are claims 59-63 and 72-73 properly rejected under 35 U.S.C. § 103(a), as being 
obvious over Verma et al (U.S. Patent 5,639,950) in view of Rayapati et al {Plant Physiology, 
1989, vol. 91, pages 581-586) and Appellants allegedly admitted prior art? 

VII. ARGUMENT 
A. The Written Description Rejection Was Improperly Maintained 

The Examiner has rejected claims 59-63 and 72-73 under 35 U.S.C. §1 12, first paragraph, 
as allegedly containing subject matter that was not described in the specification in such a way as 
to convey to one of skill in the art that Appellants were in possession of the claimed subject 
matter. In particular, the Examiner alleges that Appellants were not in possession of 
recombinant DNA molecules describing the genus of biosynthetic enzymes that catalyze the 
synthesis of the osmoprotectant proline. 

In response, Appellants note that genes encoding enzymes that elevate the level of proline 
were known in the art at the time of filing. It is well settled that the specification need not 
disclose what is well-known to those skilled in the art and preferably omits what is well-known 
and already available to the public. See Hybritech, Inc. v. Monoclonal Antibodies, Inc., 802 F.2d 
1367, 1384, 231 U.S.P.Q. 81, 94 (Fed. Cir. 1986). For example, Verma et al (U.S. Patent 
5,344,923, Exhibit A), which the Examiner cites in the prior art rejection, discloses the isolation 
of a mothbean cDNA clone encoding a Afunctional enzyme, deltal-pyrroline-5-carboxylate 
synthetase, which is involved in the biosynthesis of proline in plants. Similarly, a soybean 
homologue of deltal-pyrroline-5-carboxylate synthetase was disclosed in 1992 by Hu et al in 
Proceedings National Academy of Science (89:9354-9358; Exhibit B). Hu et al also disclose 
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that the enzyme catalyzes the first two steps in proline biosynthesis in plants. Verbruggen et al, 
teach that pyrroline-5-carboxylate reductase encodes the last step of the proline biosynthetic 
pathway and describes the cloning of the corresponding gene from Arabidopsis 
("Osmoregulation of a pyrroline-5-carboxylate reductase gene in Arabidopsis thaliana" Plant 
Physiol Nov;103(3):771-81 (1993); Exhibit K). While the reference indicates a November 
1993 publication date, it is indicative of the contemporaneous knowledge in the art. Additional 
examples of pyrroline-5-carboxylate reductases that were described include the human 
(Dougherty et al. "Cloning human pyrroline-5-carboxylate reductase cDNA by complementation 
in Saccharomyces cerevisiae" J. Biol Chem., 267 (2), 871-875 (1992); Exhibit L) and yeast 
genes (Brandriss et al "Proline biosynthesis in Saccharomyces cerevisiae: analysis of the PR03 
gene, which encodes, which encodes delta l-pyrroline-5-carboxylate reductase" J. Bacteriol 11 A 
(15), 5176 (1992); Exhibit M). Finally, Williamson and Slocum describe the cloning of a 
deltal-pyrroline-5-carboxylate reductase gene from pea {Plant Physiol, 1992, 100, 1464-1470; 
Exhibit N). 

As these sequences were known to those of skill in the art at the time of filing, Appellants 
cannot be said to lack written description for these sequences. A person of ordinary skill in the 
art would have known of useful gene sequences involved in the synthesis of proline at the time 
of Appellants' invention. That the availability of such gene sequences was common knowledge 
obviates the rejection under 35 U.S.C. §112, first paragraph. Written description must be 
reviewed from the perspective of one of skill in the art. Wang Labs., Inc. v. Toshiba Corp., 993 
F.2d 858, 863 (Fed. Cir. 1993). There is therefore an inverse correlation between the level of 
skill and knowledge in the art and the specificity of disclosure necessary to satisfy written 
description. USPTO Written Description Guidelines, Fed. Reg. Vol. 66, p. 1105. Applicants 


25472091.1 


5 


need not specifically recite what is well known. The evidence presented therefore demonstrates 
full compliance with the written description requirement and reversal of the rejection is thus 
respectfully requested. 

B. The Enablement Rejection Was Improperly Maintained 

The Examiner finally rejected claims 59-63 and 72-73 under 35 U.S.C. §112, first 
paragraph, as not being enabled by the specification. In particular, the Examiner takes issue with 
an alleged failure to disclose the identification or isolation of a particular gene and/or plant 
comprising recombinant DNA encoding an enzyme involved in proline synthesis. 

In response, Appellants note that the claims are fully enabled by the specification. The 
currently claimed invention forms a part of a larger invention comprising use of compatible 
osmoprotectants in monocots in order to achieve resistance to a reduction in water availability. 

As described in the specification, Appellants' method for transformation of monocots 
with osmoprotectant genes, combined with known examples of enzymes synthesizing proline in 
particular, enables a person of ordinary skill in the art to produce transgenic monocots that 
express proline and exhibit water stress tolerance. For example, Appellants have illustrated this 
in the context of transgenic plants that express the osmoprotectant mannitol (see US Patent 
5,780,709, Exhibit D) and glycine betaine producing enzymes (see U.S. Patent 6,281,411, 
Exhibit C). Proline, like mannitol and glycine betaine, is a known endogenous osmoprotectant 
that has long been identified as playing a role in plants under water deficit. What was not 
known, and the Appellants demonstrate, is that such genes could be expressed heterologously in 
monocots to yield a drought-tolerant phenotype. 

In the case of proline, Barnett et al (Plant Phys., 41:1222, 1966; Exhibit E) describes 
that under water deficit, significant increases in certain amino acid pools such as proline are 
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observed. Wyn Jones and Storey {Physiology and Biochemistry of Drought Resistance in Plants, 
Chapter 9, p. 171-204, Academia Press, Australia, 1981; Exhibit F) notes that increased proline 
accumulation is observed in barley subjected to water or salt stress. McCue and Hanson 
(TIBTECH, 8:358-362, 1990; Exhibit G) specifically mention the amino acid proline as an 
osmoprotectant found in diverse organisms. Van Rensberg et al (J. Plant. Physiology, 
141:1880194, 1993; Exhibit H) discuss their observations of increased proline accumulation in 
drought-resistant tobacco cultivars, where a substantial amount of proline was found to 
accumulate in the drought-resistant cultivars compared to the drought-sensitive cultivars. 

Appellants teach that heterologous gene expression to increase mannitol and glycine 
betaine imparts water stress tolerance to transgenic monocot plants (see US Patent 5,780,709 
Exhibit D and US Patent 6,281,411 Exhibit C, respectively). This and success in using the 
mtlD gene to impart drought tolerance to a monocot are therefore demonstrative of success in 
overexpressing proline to obtain water stress tolerance. Together, the knowledge of proline 
accumulation in plants in response to drought stress, as well as the knowledge of sequences 
involved in the synthesis of proline demonstrate that the claims were enabled for expressing a 
proline biosynthesis gene and increased water stress tolerance. In fact, the Examiner's own prior 
art rejection states that expression of a deltal-pyrroline-5-carboxylate synthetase would 
inherently result in water stress tolerance. Given the transformation methods and expression 
vectors illustrated in Appellants' working examples to be fully enabling for monocot 
transformation and heterologous expression with osmoprotectant genes, it is respectfully 
submitted that the claims must be held enabled in view of the assertion. While legally flawed 
from an inherency rejection standpoint because the cited references are not enabling for 
transgene expression in maize and the insufficiency of Verma as of its effective date, the 
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rejection affirmatively acknowledges the enablement of the claims given Appellants 5 enablement 
of transgene expression in monocots. 

Reversal of the Section 112 rejection for lack of enablement is thus respectfully 
requested. 

C. The Indefiniteness Rejections Were Not Properly Maintained 

Independent claim 61 and claims 62-63 dependent thereon stand rejected under 35 U.S.C. 
§112, second paragraph, as being indefinite for the use of the term "increased" in claim 61. It is 
stated that the term is relative, lacking comparative basis, and that the definition in the 
specification is not limiting. 

Claim 61 reads as follows: 

61. A fertile transgenic Zea mays plant comprising a recombinant DNA 
segment comprising a promoter operably linked to a first DNA segment encoding 
an enzyme which catalyzes the synthesis of the osmoprotectant proline, wherein 
the first DNA segment is expressed so that the level of the enzyme is increased in 
the transgenic Zea mays plant, and wherein the recombinant DNA segment is 
heritable. 

(emphasis added) 

As can be seen from the text of the claim, the meaning of "increased" is clear to one of 
skill in the art, particularly when taken in combination with the teaching in the specification. A 
plain reading of the claim indicates that the enzyme is increased relative to a Zea mays plant that 
lacks the recombinant DNA segment. No other logical reading can be made of the claim given 
the text. The Examiner has failed to point to any other reasonable meaning that could be given. 

There is no indefiniteness in using a relative term that has a comparative basis. All that is 
required under the second paragraph of §112 is that one of skill in the art understand the metes 
and bounds of the claim when read in context and in view of the specification. Claim terms must 
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be read together with the claim as a whole and in view of the understanding of those of skill in 
the art. Properly viewed, the claim is fully definite. 

In light of the foregoing, reversal of the rejection under 35 U.S.C. § 112, second 
paragraph, is respectfully requested. 

D. The Rejection of Claim 63 Under 35 U.S.C, §101 is Moot 

The Examiner rejected claim 63 under 35 U.S.C. §101 as directed to non-statutory 
subject matter for not specifying that the claimed seed is transgenic, and therefore, not a product 
of nature. In response, it is noted that an Amendment Under 37 C.F.R. §1.116 has been 
concurrently filed specifying that the seed includes the recombinant DNA segment recited in 
claim 61. The rejection is therefore now believed to be moot. 

E. The Anticipation Rejection Under 35 U.S.C. 5102(e) Was Not Properly Maintained 

The Examiner has rejected claims 59-61, 63, 72 and 73 under 35 U.S.C. § 102(e) as being 
anticipated by Verma et al (U.S. Pat. No. 5,639,950, issued June 17, 1997, filed June 29, 1994 
as a CIP of an application with an effective filing date of September 29, 1992 (hereinafter Verma 
II, Exhibit I)). The September 29, 1992 priority document of Verma II (hereinafter Verma I) 
issued as U.S. Patent No. 5,344,923 (Exhibit A). 

The rejection is insufficient on its face. Appellants noted in their response to the first 
Office Action that the current application claims priority to August 25, 1993 as a divisional 
application of U.S. Application Serial No. 08/599,714, filed January 19, 1996 (now U.S. Patent 
No. 6,281,411), which application was a continuation-in-part application of currently pending 
U.S. Application Serial No. 08/113,561, filed August 25, 1993. This grandparent application 
disclosed that transgenic monocot plants with drought resistance, including maize, can be 
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prepared by expressing genes encoding a variety of osmotically active metabolites including 
proline. 

The Verma II patent is effective only as of its June 1994 filing date for disclosure of 
"corn" and thus cannot anticipate the current claims. The Examiner nonetheless relies on Verma 
I based on the allegation that this disclosure is sufficient because there is allegedly no difference 
in the teachings with respect to transgenic plants. However, the shortcomings of Verma II do not 
supplement the shortcoming of Verma I. What is relevant is that Verma I is insufficient relative 
to the claimed invention. 

A full text search of the Verma I patent (U.S. Pat. No. 5,344,923) on the USPTO patent 
database reveals that this patent does not include the terms "maize," "Zea mays," "corn" or 
"monocot" The Examiner's rejection is therefore fundamentally without merit. It cannot be 
alleged that the patent anticipates transgenic monocots and maize expressing a particular 
transgene when it does not even disclose monocot or maize plants at all, let alone an enabling 
transformation method for such plants. To anticipate, all elements of the claims must be 
disclosed in a single reference. This has not been demonstrated and therefore the rejection fails. 

More particularly, Appellants' claims are drawn to a transgenic monocot plant which is 
substantially tolerant or resistant to a reduction in water availability, where the transgenic plant 
comprises a transgene encoding an enzyme catalyzing the synthesis of proline. Verma I merely 
discloses the sequence of deltal-pyrroline-5-carboxylate synthetase, making the sequence 
available to those of ordinary skill in the art who might discover a use for it, e.g., as Appellants 
have discovered a use in producing transgenic monocots expressing proline for drought 
resistance. 
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With regard to the Examiner's statement that plants disclosed by Verma I and/or II would 
"inherently be substantially tolerant or resistant to a reduction of water availability" it is first 
noted that this statement directly contradicts the enablement rejection. The Examiner cannot 
have it both ways. In view of the comment by the Examiner admitting that a monocot 
transformed with the deltal-pyrroline-5-carboxylate synthetase gene would inherently have a 
resistance to water availability, it is respectfully submitted that the Examiner has acknowledged 
the enablement of the claims. 

It is further noted that the Examiner's conclusion regarding inherency is flawed. To form 
the basis of an inherency rejection, the missing item must necessarily flow from the disclosure. 
Continental Can Co. USA v. Monsanto Co., 948 F.2d 1264, 1268, 20 USPQ2d 1746, 1749 (Fed. 
Cir. 1991) ("To serve as an anticipation when the reference is silent about the asserted inherent 
characteristic, such gap in the reference may be filled with recourse to extrinsic evidence. Such 
evidence must make clear that the missing descriptive matter is necessarily present in the thing 
described in the reference, and that it would be so recognized by persons of ordinary skill."). 
Here, the Examiner has failed to provide any objective basis to support the enablement of the 
Verma I or Verma II reference. For example, the Examiner has failed to show that Verma I 
and/or II disclose a method for transforming monocots and teach transformation vectors that 
could be used to achieve gene expression in monocots. Verma II does not even disclose 
monocots generally. The Examiner's unsupported allegations do not meet the relevant legal 
standards or the standards of the APA for maintaining a rejection. 

The Examiner is not allowed to bootstrap deficient references to support an anticipation 
rejection through unsupported allegations of inherency. The law of inherency has been 
developed precisely so that the insufficiencies of a reference may not be glossed over by bare 
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assertions of inherency. Given the failure of Verma I to disclose transgenic maize or monocots 
at all or a showing that Verma II is even prior art as of its priority date, there is no basis to allege 
that the claimed transgenic monocot plants expressing an enzyme catalyzing proline biosynthesis 
necessarily flow from the disclosure. 

In view of the foregoing, neither Verma I nor Verma II constitute a 35 U.S.C. § 102(e) bar 
to the claims. Reversal of the rejection is thus respectfully requested. 

F. The Obviousness Rejection Was Not Properly Maintained 

The Examiner rejects claims 59-63, and 72-73 under 35 U.S.C. §103(a) as being 
unpatentable over Verma II (described above) in view of Rayapati et al {Plant Physiology, 1989, 
91:581-586; Exhibit J) and in light of Appellant's allegedly admitted prior art. The teachings of 
Verma II are discussed above. Rayapati et al is cited for its finding that delta l-pyrroline-5- 
carboxylate synthetase is located in the chloroplast of peas. 

In response, Appellants note that all elements of the claims have not been shown in the 
art and thus the rejection is insufficient on its face. First, the Examiner has failed to show 
monocot plants in the prior art. Instead, the Examiner makes the conclusory statement that she 
"maintains that Verma et al. teach corn, wheat, barley, and rye monocot plants comprising a 
recombinant A l -pyrroline-5-carboxylate synthetase" that catalyzes proline synthesis. This 
assertion is unsupported and is baseless given that Verma I does not even reference maize or 
monocot plants as of its effective prior date. 

The Examiner has therefore failed to make a prima facie case of obviousness for the 
current claims, which are directed to transformed monocots having DNA which encodes an 
enzyme catalyzing the synthesis of the osmoprotectant proline. Verma 77 has not even been 
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demonstrated by the Examiner to be properly used as prior art and does not even disclose an 
actual transgenic monocot plant. The defects of Rayapati et al are not cured even based on this 
reference with an effective filing date after Appellants. The combined references do not teach 
fertile, transformed corn. The references have not been shown to provide a motivation to arrive 
at the claimed invention, let alone a reasonable expectation of success in doing so. 

In conclusion, Appellants respectfully submit that there is no support for the rejection of 
claims 59-63 and 72-73 under 35 U.S.C. §103. Reversal of the rejection is thus respectfully 
requested. 

VIII, CONCLUSION 

It is respectfully submitted, in light of the above, that none of the claims are properly 
rejected. Therefore, Appellants request that the Board reverse the pending grounds for rejection. 


Respectfully submitted, 



FULBRIGHT & JAWORSKI L.L.P 
600 Congress Avenue, Suite 2400 
Austin, Texas 78701 
(512) 536-3085 


Reg. No. 42,628 
Attorney for Appellants 


Date: November 23, 2004 
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l APP ENDIX 1: LISTING OF APPEALED CLAIMS PRIOR TO ENTRY OF THE 
CONCURRENTLY-FILED AMENDMENT UNDER 37 C.F.R. $1.116 


59. A transformed monocot plant, which plant is substantially tolerant or resistant to a 
reduction in water availability, the cells of which comprise a recombinant DNA segment 
comprising a preselected DNA segment encoding an enzyme which catalyzes the synthesis of the 
osmoprotectant proline, wherein the enzyme is expressed in an amount effective to confer 
tolerance or resistance to the transformed plant to a reduction in water availability. 

60. The transformed plant of claim 59 wherein the transformed plant has an improved 
osmotic potential when the total water potential of the transformed plant approaches zero. 

61. A fertile transgenic Zea mays plant comprising a recombinant DNA segment comprising 
a promoter operably linked to a first DNA segment encoding an enzyme which catalyzes the 
synthesis of the osmoprotectant proline, wherein the first DNA segment is expressed so that the 
level of the enzyme is increased in the transgenic Zea mays plant, and wherein the recombinant 
DNA segment is heritable. 

62. The fertile transgenic Zea mays plant of claim 61, wherein the recombinant DNA 
segment further comprises a second DNA segment encoding an amino terminal chloroplast 
transit peptide operably linked to the first DNA segment. 

63. A seed produced by the transgenic plant of claim 61 . 

72. A transformed monocot plant regenerated from the transformed plant cells obtained by 
the method of claim 64. 

73. A transgenic seed of the transformed plant of claim 72 which comprises the expression 
cassette. 
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APPENDIX 2: LISTING OF APPEALED CLAIMS AFTER ENTRY OF THE 
CONCURRENTLY-FILED AMENDMENT UNDER 37 C.F.R. §1,116 

59. A transformed monocot plant, which plant is substantially tolerant or resistant to a 
reduction in water availability, the cells of which comprise a recombinant DNA segment 
comprising a preselected DNA segment encoding an enzyme which catalyzes the synthesis of the 
osmoprotectant proline, wherein the enzyme is expressed in an amount effective to confer 
tolerance or resistance to the transformed plant to a reduction in water availability. 

60. The transformed plant of claim 59 wherein the transformed plant has an improved 
osmotic potential when the total water potential of the transformed plant approaches zero. 

61. A fertile transgenic Zea mays plant comprising a recombinant DNA segment comprising 
a promoter operably linked to a first DNA segment encoding an enzyme which catalyzes the 
synthesis of the osmoprotectant proline, wherein the first DNA segment is expressed so that the 
level of the enzyme is increased in the transgenic Zea mays plant, and wherein the recombinant 
DNA segment is heritable. 

62. The fertile transgenic Zea mays plant of claim 61, wherein the recombinant DNA 
segment further comprises a second DNA segment encoding an amino terminal chloroplast 
transit peptide operably linked to the first DNA segment. 

63. A seed produced by the transgenic plant of claim 61 comprising said recombinant DNA 
segment. 

72. A transformed monocot plant regenerated from the transformed plant cells obtained by 
the method of claim 64. 

73. A transgenic seed of the transformed plant of claim 72 which comprises the expression 
cassette. 
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APPENDIX 3: EVIDENCE APPENDIX 

Exhibit A — U.S. Patent No. 5,344,923, cited in Action dated 8/23/04. 

Exhibit B —Ruet al., (PNAS 89:9354-9358) , cited in Action dated 8/23/04. 

Exhibit C — U.S. Patent No. 6,281,41 1, cited in Action dated 8/23/04. 

Exhibit D — U.S. Patent No. 5,780,709, cited in Action dated 8/23/04. 

Exhibit E — Barnett et al. {Plant Phys. , 41 : 1222, 1966) , cited in Action dated 8/23/04. 

Exhibit F — Wyn Jones and Storey (Physiology and Biochemistry of Drought Resistance in 

Plants, Ch. 9, p. 171-204, Academia Press, Australia, 1981), cited in Action dated 

8/23/04. 

Exhibit G — McCue and Hanson (TIBTECH, 8:358-362, 1990), cited in Action dated 8/23/04. 
Exhibit H — Van Rensberg et al. (J. Plant. Physiology, 141:1880194, 1993), cited in Action 
dated 8/23/04. 

Exhibit I — U.S. Patent No. 5,639,950, cited in Action dated 8/23/04. 

Exhibit J — Rayapati et al. (Plant Physiology, 1989, 91:581-586), cited in Action dated 8/23/04. 
Exhibit K — Verbruggen et al., (Plant Physiol., 1993, Nov; 103(3):771-81), cited in Action 
dated 8/23/04. 

Exhibit L — Dougherty et al. (J. Biol. Chem., 1992, 267 (2), 871-875) , cited in Action dated 
8/23/04 

Exhibit M — Brandriss et al. (J. Bacteriol, 1992, 174 (15), 5176) , cited in Action dated 
8/23/04 

Exhibit N — Williamson and Slocum (Plant Physiol, 1992, 100, 1464-1470), cited in this Brief 
concurrent with Appeal. 
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Proc, Natl Acad. Set. USA 

Vol. 89, pp. 9354-9358, October 1992 

Plant Biology 


A Afunctional enzyme (A 1 -pyrroline-5-carboxylate synthetase) 
catalyzes the first two steps in proline biosynthesis in plants 

(osiikh c gufa Hoo/ nitiogtn arermfatfam/fniictSopal uhi i|4rn if iitatfcti/root nodules) 

Chien-an A. Hu, Ashton J. Delauney*, and Desh Pal S. VERMAt 

Department of Molecular Genetics and Biotechnology Center, The Ohio State Umveraty, Rightmire Hall, 1060 Cvroack Road, Cohxmbos, OH 43210-1002 


Communicated by Jozef 5. Schett, July 1, 1992 

ABSTRACT Many plants synthesize and accnmolate pro- 
line in response to osmotic stress. Despite the importance of this 
pathway, however, the exact metabolic route and enzymes 
involved in the synthesis of proline in plants have not been 
nnequrfocaDy identified. We report here the Isolation of a 
mothbean (Vigna aconittfotia) cDNA done encoding a btfnnc- 
tional enzyme, A'-iryiTY>lb)e-5<arboxylate synthetase (P5CS), 
with both y-gratamyl kinase and glntannc^swnfaldfhyde 
dehydrogenase activities that catalyzes the first two steps in 
proline biosynthesis. The two enzymatic domains of PSCS 
correspond to the ProB and ProA proteins of Escherichia coU 
and contain a leucine zipper in each domain, which may 
facilitate inter- or intramolecular interaction of this protein. 
The Vigna PSCS enzyme activity is feedback regulated by 
proline but Is less sensitive to end-pralnctinhn^tionthanisti>e 
E. coU y-glutamyl kinase. The PSCS gene is expressed at high 
levels in Vigna leaves and is inducible In roots subjected to salt 
stress, suggesting that PSCS plays a key role In proline bio- 
synthesis, leading to osmoregulation in plants. 


Drought and high salinity are the most important environ- 
mental factors that cause osmotic stress and impact nega- 
tively on plant growth and crop productivity (1). To counter 
these stresses, many plants increase the osmotic potential of 
their ceils by synthesizing and accumulating compatible 
osmolytes such as proline and glycine betaine (2-4). The role 
of proline biosynthesis in osmoregulation in bacteria is well 
established (5); however, it is not known whether the accu- 
mulation of proline in plant tissues confers some adaptive 
advantage to the plant under osmotic stress or whether it is 
a consequence of stress-induced changes in metabolism (6). 
A complete understanding of stress-induced changes in the 
proline biosynthetic pathway and the regulation of genes 
involved in proline metabolism may reveal how plants adapt 
to environmental stresses. This could open the way for 
increasing tolerance to drought and salinity stresses by 
producing transgenic plants capable of synthesizing elevated 
levels of proline. 

The proline biosynthesis route in plants (7, 8) is thought to 
resemble the pathway in bacteria (9). In Escherichia coli, the 
reaction starts with the phosphorylation of glutamate by 
7-ghitamy! kinase (-y-GK; encoded by the proB gene), to form 
/-glutamyl phosphate, which is reduced to glutamic-y- 
semialdehyde (GSA) by GSA dehydrogenase (encoded by the 
proA gene). GSA spontaneously cyclizes to A 1 -pyrroline-5- 
carboxylate (P5C), which is reduced by P5C reductase 
(P5CK; encoded by the proC gene) to proline. The E. coli 
proB f proA (10), and proC (11) loci have been cloned and 
sequenced. 

Whereas proline can be synthesized from either ghitamate 
or ornithine in plants (7, 8) and animals (12-14), stable isotope 
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and radioisotope labeling experiments (15-17) indicate that 
glutamate, rather than ornithine, is the primary precursor for 
proline biosynthesis in osmoticaDy stressed plant cells. With 
the exception of P5CR, which has been recently character- 
ized (18-20),* however, tittle is known about the other 
enzymes in this pathway. Although there is circumstantial 
evidence implicating a 7-GK in plants (7, 8), the existence of 
this activity has hitherto not been unequivocally demon- 
strated despite concerted efforts by several research groups 
over the past 25 years. Given the well-documented correla- 
tion between proline accumulation and adaptation to water 
deficits caused by drought and salinity stresses in plants, the 
complete characterization of the enzymes in the proline 
biosynthetic pathway and their biochemical and genetic 
regulation is vitally important. 

We have recently isolated cDNA clones for soybean P5CR 
by direct complementation of an E. coli proC proline auxo- 
troph with a soybean nodule cDNA expression library (20). 
The rationale of using a nodule library was based on the 
finding that high levels of proline are synthesized in soybean 
root nodules (21, 22). Using this complementation strategy 
(23), we have isolated from a mothbean {Vigna aconittfblia) 
nodule cDNA expression library cDNA clones coding for a 
bifunctional enzyme, P5C synthetase (P5CS), which exhi- 
bited both -pGK and GSA dehydrogenase activities. The 
Vigna P5CS enzymatic activity was found to be feedback 
inhibited by proline. The level of P5CS transcript was shown 
to be enhanced in roots treated with salt, indicating that the 
expression of this gene is osmoregulated.* 

MATERIALS AND METHODS 

Bacterial Growth Conditions. E. coli mutant cells were 
grown at 37*C in LB medium, or in nunimal A medium (23) 
supplemented with 0.2 mM required amino acids and 0.05 
mM thianune; ampicfllin was added at 100 mg/liter. The 
osmotic strength of the medium was increased by the addition 
of Nad as indicated. 

Plasmids and Bacterial Strains. Plasmids carrying wild-type 
proB (pDUl) and mutant proB74 (pDUlOl) alleles were 
obtained from Abhaya Dandckar (University of California, 
Davis). £. coli strains X340 (proB28, metBl, relAI, A", 
spoTl), W4032 (pro A3, metBl, re/Ai, tac-J, tsx-76), CSH26 
[see ref. 24; ara, A(/ac pro), rni], and X342 (proC29, A", 


Abbreviations: r-GK» /-glutamyl kinase; GSA, glutamlc-r- 
semialdehyde; P5C, A^>yrrolme-5-carboxylate ; P5CR, P5C reduc- 
tase; PSCS, P5C synthetase. 

♦Present address: Department of Biology, University of the West 
Indies, Cave Hfll Campus, P.O. Box 64, Bridgetown, Barbados. 

*To whom reprint requests should be addressed. 

*The sequence reported in this paper has been deposited in the 
GenBank data base (accession no. M92276). 
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tional Congress, International Society for Plant Molecular Biology, 
October 6-11, 1991, Tucson, AZ (abstr.). 


9354 


Plant Biology: Hu et al. 


Proc. Natl Acad. Set USA 89 (1992) 9355 


relAl , sptTl , metBl) were kindly provided by Barbara Bach- 
mann {E. coli Genetics Stock Center, Yale University). 

Construction of cDNA Expression Library. RNA was pre- 
pared from 21-day-old mothbean (Vigna aconittfbUa L.) 
nodules by the method of Verwoerd et al. (25), and poly(A) + 
RNA was isolated by chromatography on an oligo(<n> 
cellulose column. Double-stranded cDNA was synthesized, 
ligated to BstXl linkers, and size-fractionated on an agarose 
gel. Molecules >500 base pairs were electroehited from the 
gel, cloned into the BjfXI-linearized pcDNAII plasmid vec- 
tor (Invitrogen, San Diego) and E. coli DHIorF' cells were 
transformed. cDNA molecules inserted within the poiylink- 
ers of pcDNAII in the correct orientation and reading frame 
can be expressed under the control of the lacZ promoter. 

Functional Complementation of B. coli Autotrophs. E. coli 
proline auxotrophs were transformed by electroporation us- 
ing Electro Cell Manipulator 600 apparatus (BTX, San Diego) 
according to the manufacturer's instructions. Briefly, cells 
were grown to late logarithmic phase in LB broth, pelleted by 
centrirugation, washed twice in ice-cold 10% (vol/voO glyc- 
erol, resuspended in cold 10% glycerol, and stored in 200-/U 
aliquots at -OTC. For electroporation, 20 ng of the pooled 
library DNA purified by double CsCl centrifugation was 
added to 200 pi of competent cells in a 2-mm cuvette and 
subjected to a 5-msec pulse at 2 J kV/cm. The ceDs were 
immediately added to 10 ml of LB broth and incubated at 37°C 
with shaking for 1 h. The cells were then pelleted by cen- 
trifugation, washed with minimal A medium, and plated onto 
minimal A plates containing ampicfllin (100 fig/ ml) , isopropyi 
/M>thk>galactopyTanoside (1 mM), and the amino acid sup- 
plements other than proline required by the respective mu- 
tants. To determine the transformation efficiencies, aliquots 
of electroporated cells were plated onto the same media 
supplemented with proline (1 mM). Plates were incubated at 
37°C for 2 days. Plasmid DNA, prepared from single colonies 
grown in minimal medium containing ampicitlin, was used to 
retransform the mutants to confirm the complementation (see 
ref. 23). 

DNA Sequencing and Analysis. DNA sequencing was per- 
formed on CsCl-purified, double-stranded plasmid DNA by 
the dideoxynucleotide cham-terminatk>n method using Se- 
quenase II (United States Biochemicals) according to the 
manufacturer's instructions. Deletions of the plasmid tem- 
plate were generated by using Exonuclease III and mung 
bean nuclease. In addition, some sequencing reactions were 
performed with oligonucleotide primers synthesized on the 
basis of previously derived cDNA sequences* Sequence 
comparisons and identification of various motifs were done 
with Genetics Computer Group programs (Madison, WI). 

P5CS Enzyme Assay and Determination of End»Prodnct 
Feedback Inhibition. E. coli CSH26 ceDs and CSH26 harbor- 
ing different plasmids were grown aerobkally at 37°C for »16 
h. The cells were harvested by centrifugation at 4000 x g for 
10 min, and the cell paste was suspended in 4 ml of buffer A 
(50 mM Tris-HO/1 mM dithiothreitoO at 4°C. After sonka- 
tion (Benson Sonifier, type 450) at 50 W, the slurry was 
centrifuged at 4000 x g for 10 min and the supernatant was 
fractionated by ammonium sulfate precipitation. For E. coli 
CSH26 containing pVAB2, the fraction precipitating between 
0% and 30% saturation of ammonium sulfate was used for 
enzyme assay ; while for E. coli CSH26 and CSH26 harboring 
the proB74 or wild-type proB alleles, a fraction of 40-60% 
saturation was used. Ammonium sulfate precipitated fraction 
was dissolved in buffer A and dialyzed against the same 
buffer. j-OK activity was assayed by the method described 
by Hayzer and Leisinger (26). The amount of y-ghitamyihy- 
droxamate made from L-ghitamate, NH/)H, and ATP was 
determined from the A 536 after a 30-min incubation at 37°C. 
To determine whether proline biosynthesis is subject to 
end-product inhibition in plants, the tGK activities of the 


different ammonium sulfate fractions described above were 
measured as a function of proline concentration (0.01-100 
mM) in the assay mixture. 

Northern Blot Analysis* Pory(A) + RNA from mothbean 
nodules, leaves, and roots, as well as roots from plants 
watered with 200 mM Nad, were electrophoresed in a 1.2% 
agarose/2.2 M formaldehyde gel and transferred by vacuum 
blotting to a GeneScreen membrane (DuPont/NBN). The 
pVAB2 cDNA insert was labeled with P^JdCTP to a specific 
activity of 8 x 10 s dpm/fig using a random-primer labeling 
system (Amersham). Hybridization was performed as de- 
scribed (20), and filters were exposed to x-ray film at — 70°C. 

RESULTS AND DISCUSSION 

Isolation ofcDNA Clones Encoding Vigna PSCS. We have 
previously obtained a cDNA clone for soybean P5CR by 
direct complementation of an E. coli proC proline auxotroph 
with a soybean nodule cDNA expression library (20). To 
clone other plant enzymes of the proline biosynthetk path- 
way, we similarly transformed E. coliproB f proA f and proBA 
auxotrophic mutants by electroporation with a V. aconitffolla 
nodule cDNA. expression library. A transformation effi- 
ciency of lOP-10 10 transformants per /ig of DNA was rou- 
tinely obtained, which is ~2 orders of magnitude higher than 
that obtained by classical transformation methods (23); thus, 
electroporation significantly enhances the recovery of com- 
plemented mutants. One group of clones was isolated by 
selecting for growth of transformants on minimal medium 
without proline. We have determined that these clones en- 
code a Hfunctional enzyme, P5CS, which has both y-GK and 
GSA dehydrogenase activities. This determination is based 
on the following evidence: the P5CS clones efficiently com- 
plemented E. coH proB y proA, and proBA, but not proC, 
mutants; the predicted amino acid sequence of the enzyme 
revealed the presence of two domains with significant ho- 
mology to the E, coli ProB and ProA proteins; and the 
recombinant P5CS protein showed GSA-dependent y-OK 
enzyme activity. 

P5C can also be synthesized from ornithine via ornithine 
ammotransferase in plants, but the E. coli CSH26 cells are 
unable to grow on ornithine. These cells electroporated with 
library DNA were selected for proline prototrophy on min- 
imal medium supplemented with ornithine (1 mM). With this 
approach, we obtained complementing clones encoding or- 
nithine aniinotransferase (unpublished data). These data 
demonstrate that proline is synthesized in plants from both 
ghitamate and ornithine. The contribution of the respective 
pathway to proline production remains to be detenmned. 

Vigna PSCS Contains Domains Homologous to £. coU ProB 
and ProA Proteins. The complete nucleotide sequence of a 
P5CS cDNA clone, pVAB2, is shown in Fig. 1. Hie 2417- 
base-pair sequence contains a single major open reading 
frame encoding a polypeptide of 73.2 kDa, assuming mat 
translation is initiated at the first ATG codon from the 5' end 
of the coding strand. Sequence comparison with the E. coU 
ProB and ProA proteins (Fig. 2) indicated that V. aconittfblia 
P5CS polypeptide has two distinct domains. The amino- 
terminal domain of the PSCS protein showed 33.3% identity 
and 55.3% overall similarity to the E. coli ProB protein. A 
domain with 35.7% identity and 57.9% similarity to the ProA 
protein is located at the carboxyi end. An unexpectedly high 
level (42.4%) of sequence similarity was found between the 
E. coli ProB and ProA proteins, suggesting that the proB and 
proA genes may have arisen by duplication of an ancestral 
gene; the encoded proteins may have later acquired domains 
conferring the respective kinase and reductase activities of 
the present-day enzymes. The corresponding plant genes 
have evidently fused to create the bifunctkraal enzyme iden- 
tified in V. aconittfblia. A similar event may have occurred 
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ATrAATGI7CTCCAACCXCAXCGTAIACGAXL'fCIl>I ICCAtXAACA »(0 

TWtfLQflQ ii TeTr, r»»n*BgitAftVifKvn*« BMAVAAGKVRE 300 

GCCTCCACTKXatATCTIttAC A GGJUttCG 1010 

CSABXLOItEGaEXLLEIADALEAIIBBX XaXEttEADVTAAQ 34* 

GAAGCACCATATGAAAAATCCTTCCICCCTACGCTAGCX^ 1200 

EACYEESLVABLAL KrCEXASlrAVtfMBIXAIINBDriCaVL 3M 


OCAACTCGCAATCGC C lit 11, A ICJ UUWCTWXAAACAACCTAACCCATCAAATCCA^ 1440 
ASGNGLLLXGGKBAKftSaAILaKVIXtAirDNVGGKLIGL 4(0 

GTCACCTCAACCCAAC A gATCCCTCA bC ' IAL Tf A ACTTGGAJCA I fcll 1CICACATCAACACTTCAACTAAAAITCCT&TT 15(0 

VTSBBEXPEt>l»ELDDVXDLVX»BGSNELVSQXESST'EI»V 500 

TTACCTCATCCTOAICGAATTTCCC Alt l CIA l C rr CA IAACTCTCCTAAC^^ 1(10 
LCBADCXCBVXVDESABVEMAEBIV&DAKV DXPAACNAME 540 

AOkCTTCTTATCCACAACCATTTCATACACAAA Ctil l W 1000 
TL LIBEDLXEECIfLREX XLDLBTEGVXLXGGBVASSLLtfX 510 

CCACAACCACATTCATTtCATCATGACTACA CI T CGC 1920 
FOAESF SBBY SSLACTAB IVDDVlfAAIDEIBLX.GfABTD* C20 

ATCGI r&CTUUU^AACCAACTAGCTAATC 1\» 1 1'f C l A VOCU WCTACACJ U. ItC JUC1 Ul 1 1 1 IU lCAATCCAACeACCACATTCJtfrrGATCGC<r 2040 
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CTAAAAAAAAAAAAAAA 241? 

Flo. 1. Nucleotide sequence of the pVAB2 cDNA and primary sequence of the encoded V. acomtffbUa P5CS. Tbe polypeptide region 
' homologous to tbe E. coH y-GK (ProB) domain is underlined. The carboxyl half of P5CS corresponds to GSA dehydrogenase (ProA). A 
potyadenylyfatioa signal at the 3' end is underlined. 

in animal systems since a P5CS activity has been detected in glutamyl phosphate, which is unstable, and its rapid conver- 

marnmalian cells, although it is not known whether this is due sum into GSA. In E. coii, both y-GK and OSA dehydroge- 

to a single or td'twd separate enzymes (12*14). nase function as hexameric enzymes (9) but the native size of 

interestingly, a leucine zipper sequence (see Fig. 2) is P5CS is not yet deterniined. 
present in each of the enzymatic domains of Vigna P5CS. Tbe PSCS Has GSA Dehjarogex*ase-Depex*dent y-GK Activity 
leucine zippers mediate protein:protein dimerization in struc- That Is Feedback InhthHtd by Proline* To confirm that 
tural proteins of both eukaryotes and prokaryotes as weU as pVAB2 encoded P5CS activity, ammonium sulfate- 
in transcriptional regulatory proteins (27, 28). The leucine fractionated extracts of E. coli CSH26 and CSH26 haiboring 
zippers in P5CS may function fatramolecuktrty to maintain pVAB2 were assayed for GSA dehydrogenasc-dependent 
the proper tertiary structure of the two domains of this y-GK enzyme activity (267. As shown in Fig. 3, no y-GK 
enzyme, and homodimer or heterodimer formation may activity was detected in E. coU strain CSH26, whereas 
occur through the leucine zippers to allow close association CSH26 containing pVAB2 exhibited a high level of y-GK 
between the originally separate enzymes. It is also possible - activity. Because proline biosynthesis is regulated by end- 
that these zippers are a relic of the time when the y<5K and product inhibition of y-GK in bacteria (26), we determined 
GSA dehydrogenase enzymes were separate and had to be whether the plant enzyme is similarly subjected to feedback 
brought together to form a functional complex, as in E. coli control. Fig. 3 shows that the Vigna enzyme is 50% inhibited 
(see ref. 9). Thus, these leucine zippers may facilitate inter- by 6 mM proline. The wild-type E. cpli y-GK is 30 times more 
andmtramolecularfateractions.ta sensitive— i.e., shows 50% inhibition at 0.2 mM proline, 
potential phosphorylation site (Fig. 2). Site-directed muta- while a mutant form of the enzyme (encoded by the proB74 
genesis may elucidate the significance of these domains and allele; refs. 30 and 31) is —200-fold less sensitive to end- 
their role in the evolution of this Afunctional enzyme. product inhibition (Fig. 3; see also ref. 32). Thus, the sensi- 
Existence of two catalytic domains on the Vigna PSCS tivity of the recombinant Vigna enzyme to feedback mhibi- 
enzyme may facilitate sequential reactions of formation of tion is much less than the wild-type E* coli enzyme but more 
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Flo. 2. Comparisons of the V. aconittfoHa P5CS amino acid 
sequence (VPBA) with the E. coii rGK (EPB) (A) and OSA 
dehydrogenase (EPA) (0) sequences GO). Identical amino adds are 
indicated by a vertical line; similar amino acids are indicated by 
colons and periods. Conserved aspartic acid residues implicated in 
proline feedback inhibition are boxed, as are the leucine zipper 
sequences and the potential phosphorylation sites. 

than the mutated y-GK enzyme. The mutation responsible for 
the resistance to end-product inhibition of y-GK in the 
proB74 allele involves a nucleotide substitution of an A for a 
G, resulting in a change from aspartic acid to an asparagitte 
residue (29, 33). We note that this aspartate residue is 
conserved in the Vigna P5CS enzyme, raising the possibility 
that changing this residue to asparagine by site-directed 
mutagenesis may result in further diminution of feedback 
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Fto. 3. Feedback inhibition of P5CS by proline. Anraxmium 
sufete-fxactionated extracts (26, 29) from £. cotfCSH26 (•),£. coif 
CSH26 harboring pVAB2 (o, the proB74 allele (■), and the wOd-type 
proB allele (□) were assayed for y-GK activity by the method of 
Hayzer and Leisinger (26). 

inhibition of the plant enzyme. In spite of the conserved 
aspartic acid residue implicated in feedback control, the 
Vigna enzyme is less sensitive to inhibition by proline than 
the E. coli enzyme, suggesting that other regions of the P5CS 
enzyme may also be important for feedback regulation. 

By analogy with the proline biosyntbetic pathway in E. coU 
and given the sensitivity of the mothbean enzyme to end- 
product inhibition, h seems likely that regulation of the 
pathway in plants is exerted primarily at the P5CS step. The 
synthesis of P5C in animals, however, is not inhibited by 
^-proline but is sensitive to ornithine (12-14). In this regard, 
the plant enzyme is more similar to that in prokaryotes. 
However, P5C can be made from ornithine in Vigna (unpub- 
lished data), and therefore the relative contribution of gluta- 
mate or ornithine to proline may depend on the availability of 
nitrogen. 

Proline Biosynthesis Genes Are OsmoregulatecL We have 
previously demonstrated that expression of the soybean 
P5CR gene is enhanced at the RNA level in nodules and in 
osmoticaOy stressed soybean roots (20), a phenomenon re- 
cently confirmed in salt-stressed Arabidopsis thaliana 
leaves.! To investigate the expression levels of the Vigna 
P5CS gene in different tissues and under conditions of 
osmotic stress, RNA from nodules, leaves, and roots, as well 
as roots from plants watered with 200 mM NaCl, was probed 
on a Northern blot with the pVAB2 cDNA. As shown in Fig. 
4, the P5CS transcript in Vigna leaves is more abundant than 
in roots and nodules. The level of P5CS transcripts in roots 
is enhanced by treatment oftDe plant with200mMNa€K. An 
increase in the level of transcript of P5CS and P5CR during 
osmotic stress may facilitate proline production from gluta- 
mate. However, the P5CR reaction in plants is not normally 
rate-limiting (34, 35). The elevated level of P5CS may control 
the flux of ghitamate to P5C. Thus, the proline synthesis 
pathway is not only feedback regulated but also controlled 
transcriptionally. The latter is also influenced by the level of 
nitrogen in the cell. 

The elevated rate of proline biosynthesis in nodules has 
been suggested to stimulate ureide synthesis in tropical 
legumes and to help transfer redox potential from the nodule 
cytoplasm to the bacteroids (21, 22). Proline may also act as 
a carbon and nitrogen source for the bacteroids. An addi- 
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Fio.4. Nortbcsi)l^aDalysuorpoly(A) > IWA(5^eaci0from 
leaf (lane L) t nodule (lane N), root (bine R), and root treated with 200 
mM NaO (lane RS), probed with the "Mabeled pVAB2 cDNA 
insert. Arrowhead indicates the 2.6-k3obase P5CS transcript. 

tional probable role of proline in nodules may be its involve- 
ment in osmoregulation (20). The osmotkum in infected 
mxhikcensisknowntobe4-to5^oldhifi}ierthanm 
(36). Our demonstration that both P5CS and P5CR (20) genes 
are induced by salt stress is consistent with the hypothesis 
that accumulation of proline in nodules may represent an 
osmoregulatory adaptation to increased concentration of 
solutes. Recently, a clone encoding y-GK has been identified 
from a tomato cDN A library and is also suggested to contain 
QSA dehydrogenase actrvity.1 The availability of a cloned 
plant gene encoding the rate-limiting enzyme in proline 
biosynthesis will allow understanding of the role of proline in 
osmoregulation . This opens the way for genetically manipu- 
lating this pathway in transgenic plants, with the potential for 
increasing proline production, which may confer tolerance to 
drought and salinity stresses in crop plants. 


*Garcia-Rios, M. O., LaRosa, P. C. v Bressan, R. A., Csonka, L. N. 
A Hanquier, J. M. Third International Congress, International 
Society for Plant Molecular Biology, October 6-11, 1991, Tucson, 
AZ(abstr.). 
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Amino Acid and Protein Metabolism in Bermuda Grass 
During Water Stress^'* * 
N. M. Barnett 5 end A» W. Naylor 

Department of Botany, Dwk* Uidwiitv, Dmrbmn, Nw«i Carolina 
Received May 31. 1966. 

5«m»ary. Th* oi Arfcona Common and Coastal Benumb fS^S 

AuftSTS) fell to synthesize amino adds and proteins dunng water stress was* 
C&Sl XSm .cSTwer. contto^liy synthesized during the water stress 
SS2^tafcv»tefa synthesis was inhibited and protein levels 

VvWttnsw reduced a TO- to 100-fold accumulation of free proline irt >•>»«• 
and aTto^W^mtJaOon of free asparagine, both of which arc characterise 
r^pi£s of *atMW5tre*ed plants. Valine levels increased, and glntannc acid and 

^£$*^£L* showed that free proline turns over more -"gjj™ 
«ry^e7fa*e aoribo add during water stress. This proline is readily synthesfacd 
2d Iec^5£d from glutamic add. It is jested that during water str«s free 

^at3&T£E2 in the amino add and protein metabolism 

of the 2 varieties of Bermuda grass. 



In the study, of biochemical changes in plants 
under water stress condition!?, Increasing attention 
has been paid to changes in nitrogen ^ compounds. 
Proteolysis -and interrtiption of protein synthesis 
are generally found to he results of water stress 
(6,11,20), although both increases and decrease* 
of protein have been found to follow each other 
(3); Radioisotopes have been tised to show the 
effects of water stress on RNA synthesis and de- 
gradation (4). The study presented here reports 
the effects of water stress on levels and turnover 
of- both free and protein-bound amino acids as 
shown by 1 <J labeling* 

Wnter stress induces a characteristic chan ge in 
the levels of free amino adds, especially a great 
increase in free proline (3,6, 12) and amides (3,9). 
The accumulation of amides is thought to be the 
result of incorporation of free ammonia released 
by deamination of amino adds, which were hi torn 
released: by proteolysis induced by water stress (9). 
pew attempts have been made to explain the ac- 
cumulation of free proline. The origin and func- 
tion of this proline is considered in this paper. 

Two varieties of Bermuda grass have been used 
in the present study. These varieties differ aotno- 


* Research supported by NSF GB-187P and! flie Her- 
man Froch Foundation. It reprtsents part of a disser- 
tation subrolticd to 0* Graduate Sdwo! lof Arts and 
Sciences, Duke University, in partial fulfillment of the 
miuirmcnU for the Pfa.D> decree, , . 

* Present address: Deparhnent Of Botany and Plant 
Patholc^y, Purdue University, Lafayette, Indiana. 


what in their general response to water stress, and 
it was desired to see if under water stress condition* 
differences also exist in their nitrogen metabolism. 
An extensive study by Ratnam (13) showed these 
differences in drought response of Arizona Common 
and Coastal varieties: Water content and cutfcular 
transpiration are higher in Common Bermuda* 
Common Bermuda leaves develop a lower (more 
negative) water potential in a given time without 
water than do Coastal Bermuda leaves. Leaf 
damage is generally greater ami appears sooner in 
Common than in Coastal leaves- In general, Rat- 
nam's experimental results tend to support the 
conclusion that leaves of Coasta> arc slightly supe- 
rior to Common in drought avoidance* 

Materials and Methods 

Plata Material. Clonal material of Ariiona 
Common and Coastal Bermuda grass tCynadon 
dactylon (t.) Pers.] was propagated in a 2: 1 
mixture of sandy loam arid sand in 7 inch clay 
pots, Plants were grown in the greenhouse and 
were fertilized periodically with commercial fer- 
tilizer. The grasses were transplanted into new 
soil-sand mixture when growth ceased to be vig- 
orous. Tops were cut off periodically. Experi- 
ments were conducted In fall or winter> when growth 
was slow and there was no flowering. 

Wtxter Potential Measurement. Water potcntwi 
was measured with the thermocouple psychroutrtcr 
device described by Buyer (2). 

labeling of Plants with -**C0» l-nhcling ox- 
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'^teriments were conducted in a» isotope hood. Two 
'adjacent rows of 0anU in day pots were illuminated 
Vfrotn opposite sides with 150-vj ref^ctor spri : amps 
.^sb that shading was minimized. Irfghi was filtered 
•^through 9 cm of OS ft copper sulfate solution m 
T 'iSass tanki cooled by tap water flowjiig through 
Vcbpoer eons. Ught intensity was 1000 ft-c at the 
Vtea* surface. Wants were left n place throughout 
<t the labeling and sampling periods. Daylcngth was 

8 hours. , 
' " For fccunation with **CO tfl a 15.8 liter bell jar 
' placed over ft plant Bell jar and plant rested 
oa a gla« plate, to wJn>n the hell Jar was sealed 
with sWone grease. A 10 ml beaker eentaming 
200 uc of NaH J *CO« (specific activity 25 
". amole-*) was suspended on a wire Inside the top 
of the bell jar. The bell jar top was sealed wrth 
polyvinyl chloride fitai. To generate "CO,, 01 
id of 20 % lactic add was injected throng the 
film into the beaker; the film was Immediately 
<ealed with Scotch tape After one-half hour, 
ml of concentrated NaOH was injected into t»o 
beaker. The bell jar was removed five mmutes 
later. The maximum concentration of CO, gen- 
erated wm 0.0012 %, which is small compared to 
the normal concentration of CO, in air. No arti- 
facts due to high CO, concentration were likely to 
have been induced. 

Attraction of Prec Amino Acid,, ^ant tone 
was killed by boiling; it for 3 minutes in SO % (v/v) 
ethanol. Tissue and cthanol were stored at -M . 
The ethanol was subsequently decanted and saved, 
and the tissue was ground with mortar and pestle 
with acid-washed sand and fresh 80 % ethanol. The 
homogenized sample was refhixed 15 minutes ona 
steam bath. The snmple was centrifuged 15 ma- 
ntes at 27,000 g. The supernKtiurt trechon W« 
added to the original ethanol m »Weh ft* taw* 
was kflled. The pdkt was refluxed agam inW * 
ediamd. This procedure of refluwng and cenW- 
fngtog was done 4 times in all, oiu* Wtth 8U?b 
efi twice with 40* ethanol. "f"**™ 
water. All supernatant fractions were pooM. 
• Four extractions yielded 94% of ^ f £ e J™°? 
nitrogen obtained in « extractions (80 % o|*m°J 
twieein 40% ethanol, 3 *?« J« ^f*^' 
extracts wer? further purified by fvapora^n a^ 
most to dryness at 45' under reduced ^lure, 
taking up the residue in 2 ml of 0.1 V ■*{ 
ce,,trifuEing the suspension 10 ironutc* atl at 
27,000 g. This procedure was repeated once or 
twfcej the pellet was discarded, eachtime. 
were then purified by the cation ^chan^ m«hod 
,.f Wang (18), Recovery of free amfoo mtrpgen 
in this nUhod was 91*. This «>«'«f^ * 
dnced to dryness and the residue was taken up m 
» small amount of 0-1 Si HCI. 

Analysis of A,nino Acids. Amino adds were 
measured on an nutomatic ammo ac,d analyser 
using the 1-column technique and ™f«r 
of Pie, and Morris (10). The analyse was cuH- 


bratcd with standard mixtures of amino acids. Al- 
dus column temperature of 60'. glutamine is cy- 
clired to pyrrolidine carhoxylk add, whw* does not 
react with lunhydrin. Consequently sample gluta- 
mine was not measured. Radioacthdv of the an- 
alyzer stream was monitored continuously with a 
Packard 317 sdnnllation detector ami 320E pulse 
height analyser. One channel of the ammo acid 
analyzer recorder was used to record radioactivity. 

8**roc/ton of Soluble Protein. One grass shoot 
(up to 15 cm high and 0.5 g dry weight) was cut 
into 1.5 cm segments and ground with 2 ml water 
and acid-washed sand with mortar and £•*»* 
1'. The homogenate was ccntrifuged at Z7.DUO g 
at 1* for 10 minutes. The supernatant fraction was 
saved. The pettct was ground again with water 
and hind at V and rccentrifuged. The water soluUc 
protdn in the combined supernatant fraction was 
precipitated by adding an equal volume of 2D % 
trichloroacetic acid (TCA) and auWing to 
at least 10 minutes. The protein was centntuged 
at 27,000 g for 10 mmutes. the pellet was resns- 
pended in 10% TCA and rccentrifuged; then the 
supernatant was discarded. The pellet ww decotor- 
ized by twice incubating at one-half hour at 37 
with 2ml of a 2:3:1 (v/v/v) mixture of ethanol, 
ether, and chloroform, and ceninfupng cadi i tome. 
The protein predpitato was dissolved overnight m 

1 ml of 1 N NaOH. . ^,„a 

Protein Measurement. Protcm was measured 
both by the method of Lowry ct aL (8) and *f 
aLmng the amino adds in protdn hydrolysate, as 

^Xfi of P/otcin. Proton soluhon, were 
made to 6 N HCl In 2-pieca hydrolysis tubes. Afe. 
r v ^iSon of air, the solutions were hydrolyied at 
l^ for 20 ht.uk The small amount of hum« 
lei foAned was removed by fntra^ Hydroly- 
sate. were dried on a flash evaporator at • 
W^t™ added to the residue and the *»nple was 
rSied repeatedly to remove excess Hd Jhe 
hydrolysate was dissolved in 1 ml 3 * ci trie aci 
for^nalyds «»» ^ »«n5»». add 
Results 

I„ addition to the water soluble P^"^^ 
^ Loveral other amino adds wore detected 
SSm chromatographU J^£* oi 
tracts of Bermuda grass tops. ^™%^Z/rei' 
em£n time and comparative ~ ^^^^ 
SJ ^bsorpUon) the ^^Zf^c^ 8 ^ 
amlnobutync acuV ft}"" 8 *; 2%rerc pres- 
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tbU study, was eluted between glutamic acid and 
proKne. It emerged* from the column , fibow 15 
minutes after stajuiard dtruBine, and disappeared 
upon hydrolysis with ari4» * * . 

The other unknown, labeled U. was eluted be- 
tween a-onrfno-bXityric add and ammonia. It 
emerged froin/ the crfumri at same tine as 
standard ethanolaxnine and- 5-o»o-hydr<*ylysine. 
It was stable to add* hydrolysis. In an attempt 
to identify this Unknown, 2A ml fractions were col- 
lected during* an amino add analysis of an extract 
of 136 g fresh Coastal Bermuda grass tops. The 
solutions in the 3 tubes containing theradcnown U 
were" pooled and ddonUed on a* OS X 10 cm column 
of Dowex 50 X $, VH« form (7). The ammonia 
solution of the unknown' was dried at 40* under 


reduced pressure. The residue was dissolved in 
1 ml 0.1 N HCI. Two l-dimensional chromato- 
grams were run, using 50 £ of unknown, pta* 
standards, on Whatman No, 1 chromatography 
paper. Solvent systems were 71 * jphenoJ, an.1 
JJ-ba^ol^pionlc add-water [40-3:22^:322. V 
v/y (1)1- The unknown chromatographed the 
same distance as ethanolamme in both systems 
(phenol-water: unknown * F JO, ethanolaminc 
R r «6Sj *~btrt*nol-propian*5 acid-water: unknot 
.55, ethanolamine Jt p .52). The unknown u 
was therefore tentatively identified as ethanolamme* 
An experiment was conducted to determine the 
effects of * water stress on* the composition and 
turnover of both free and protein-bound amino 
acids. Duplicate sets of both Arizona Common 


Tabic I Effect rf Pater Sires* an F~sh W&U. Dry TTeivhl Total Pr« Ambu, Acids, and HbMMb 
" " Prolc'm in BcrWtvM Croix Shoot* 


Treatment 


Wato 
potential 
range, bars 


Fr. 
yat, rag* 


Dry 
wtp mg* 


Common 
Control 
Moderate 
stress 
Severe 
stress 

Coastal 
Control 
Moderate 
stress 
Severe 
stress 


-41 

to 

-79 

-10 

to 

<-S7 

<-37 




to 

-47 

-18 

to 

<-37 

—S3 

to 



2Z&£ A 
WA ±. 


10&9 
692 


462 
67j6 


rf: 232 
± 2SS 


B4j6 * 36.1 


34U 


1162 
48.6 


1A9 ± 61J 


612 =fc 28.6 


53.4 =fc 13.9 
fc£6 * 29.7 


Total free 
amino adds, 
jimolcs per shoot^ 

8J2 :fc &49 

13-9 571 

167 ± 43 

926 ± 2J68 

aw ± 73 

Z8U0 ± 92 


Water-soluble protein: 
pinoles hydrolysed amino 
adds per sbool^ 


mg/shoot 


Total 
amino 
ftmoles per shoot 


18,9** ± 

1M =fc 

9-51 =fc 

237 A: 
13.S 


3,5 
4.7 
X41 
11.4 
5.3 


921 ± 4.13 


3*06 
2,11 
0,95 
324 
2.07 
1.07 


27j6 
265 
2S.0 
33.0 
33.9 
372 


• Avtraee and standard deviation of 5 determmauodS made In a 77-hour period* 
** Four d«terndnat!oAS only. 


.&iM*qTl AO oitrestxoji 
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and Coastal Bermuda gra*s planes in pots were 
placed under lights in the isotope hood at the 
beginning' of the water stress treatment. One-half 
of the plant* were tu be labeled with M CO*- The 
other half were given the same water stress treat- 
ments as the labeled plants but were nsed for fresh 
and dry weight measurements and water potential 
measurements, All stolons and branched _ shoots 
wore removed. Each plank consisted of 15 to 20 
upright 10 to IS cm high. Water was with- 

held from treated plants, and controls were watered 
daily. Water potential was measured daily using as 
a sample 1 shoot from an unlabeled duplicate plant 
It was desired to label plants at each of 2 stress 
levels which were arbitrarily set at approximately 
-IS bars (moderate Stress) and -30 bars (severe 
stress) respectively. These stress levels were 


40 tO 40 •<> 


eo 40 io 

HOURS AFTER IABCUN* 

• Ewl 2- Time course of change In radioactfwtyof 
•the free amino add fraction and soluble protein fraction 
in Bermuda grass with mexensing water stress. 

Table II. CM U Amounts of Fr,cJ^ Acids *. J?cn»ud* Grass $k*,ts wuh 
1 Increasing Water Stress 


Amino acid 


Control 


p. moles/gram dry weight** 
Moderate stress 


Severe stress 


Common 
Aspartic add 
, Asparagine; mreonme 

- Serine 

Qutamic add 
' M 

Proline 

Glycine 

Alanine 

J/2-Cystfno 

Valine 

Isoteuclne 

^* Annnobutyric add 

Ammonia 
Lysine 
Histidme 
Arginfae 


113 

24.6 
99 

d: 

&9 
41 

Z3 
92 

<H 
13 

31.9 

± 

13 
123 

zi 


0,7 

32 

± 

2,1 

943 
03 

dfc 
dt 

36.6 
0.4 


4J ± 1.8 

293 rt 137 

33 ± 2.7 

103 =fc *3 

30i ± 23.9 

J7 :£ 1-1 

153 * 33 


33 ± 
0.9":± 


2113 

73 

9-4 
75 

OS 
< U 
03 
21.4 


55 
33 
13 
77 

M 

02 

65 


]J ± 03 


Totals 

Coastal 
Aspartfe add 
Asparagme; threonine 
Serine 

Qbtamk acid 
N 

Prouse 
Glycine 
Alanine 
1/2-CystXnc 
Valine ^ 
Isoletxcine 

y-Amlnobwtyric acid 
U 

Ammonia 
Lysine 
lllsbdsne 
Arjpmtw 

Totals , 

♦ Avenge and st^ard^tien of 4 

each up to 15 cm l«n* and weWted wwnmaleb ^ M 
** Three or 4 determinations only. 


43 * 

• • ♦ 


503 
OA 


MM 


37 
173 


73 
OJB 
783 
07 
05 

03 : 
1923 

9.0 : 
60.1 : 
185 ; 
177 

13 i 
138.0 

37 
173 

03** 
12.1 

ZS 

8,4 

13 
M3 

2-2. 

1.7 

17 

$77.4 


1.6 
0.4 
4J 
0.3 
543 
0.1 
0.1 
03 


47 
215 
73 
65 
03 
643 
13 
4.9 

37 
15 
37 
0.4 
253 
03 
0.1 
0.5 


M * 

647 ^ 

113 + 

47 ±- 

03 ± 

693 ± 

17 di 

11.6 ± 

73 ± 
17 

43 :♦: 

15 dt 

55.4 * 

13 :fc 

1.4 rf= 

25 :fc 

2463 


33 
17.1 
43 
15 
03 
333 
07 
47 

Q! 

2.1 
0.4 
1.4 
05 
26.4 
0.4 
03 
OA 


97 :£ 
623 ± 

13.4 ±: 
5.4 ± 
07 A 

1563 
13 

13.1 ± 
03**± 
8.4 ± 
13 ± 
47 * 
1.4 rfc 

48.5 3; 
13 ± 
13 =t 
13 it 

3023 


17 
293 
63 
23 
03 
34.0 
0.4 
63 
0-1 
37 
07 
0.9 
03 
62 
0.4 
07 
07 


"witrol ftioote 5 nil others. The were 
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readied at S and 7 days without water, respectively. 
On these days separate plants of each variety were 
labeled- with 200 /&c **COj, . a* described above. 
Separate ' shoot* were excised from each of the 
labeled plants for measurement of free amino adds 
and of protein-bound amino adds at 1, S, 12, 29, 
and 77 hours after the end of the labeling period 
Fresh weight, dry weighty and water potential were 
measured on shoots from unlabeled duplicate plants 
every day during the 77-hour sampling; period after 
labeling. 

A summary of the measurements made is given 
in table L Daring the 77-hour sampling period, 
water stress was 'increasing- The highest water 
potential measurement given was made at the time 
of labeltngk 'and ft decreased .thereafter. Therefore 
all averages of measurements made during the 
sampling period apply, to the entire period when 
water potential was changing; and not to any av- 
erage water potential 

Total free amino adds doubled' in Common and 
tripled in Coastal shoots (table I) at maximum 


witter stress employed. At the same time, water- 
soluble protein decreased in stressed shoots to Ic^ 
titan half that' of controls. The sum of free aw) 
protein-bound amino acids for each variety remained 
almost constant among all treatments* 

The time course of changes in ,# C labeling of 
the total free and water-soluble protein-bound amino 
adds is shown in figure 2. Initial incorporation 
of U C was greatest into, and the most label was 
retained in, the free amino add fraction from 
moderately stressed shoots. Incorporation of label 
into the free amino add fraction of severely 
stressed shoots was not as great as for moderately 
stressed shoots; but again more labd was retained 
than in controls* Greater treatment differences 
were found in the incorporation of label into pro- 
tein. Controls accumulated labd into protein con- 
rinnously during the sampling period. Labd in 
protein from moderately .stressed shoots reached a 
maximum after 5 hours and declined thereafter. 
At the 77th hour the amount label in protein 
from moderatdy-stressed shoots was only 20 % that 


.Table in. Effect of Water Strett on Protein Composition 
Average and standard deviation of 4 measurements for Common control, 5 for all others. Cystine and tryptoplm a 
not determined and not included in calculations. Amide K not determined. 


Amino' add 


Common. 
Aspartic add 
Threonine 
Serine 

Glutamic add 

Proline 

Glycine 

Alanine 

Valine 

Methionine 

Isaleaeme 

Leudne 

Tyrosine 

Phenytalantno 

lysine 

HistMfaw 

Arginlne 

Coastal 
Aspartic add 
Threonine 
Serine 

Glutamic add 

Proline 

Glycine' 

Alanine 

VaHne 

Methionine 

Tsoleucinc 

leucine 

Tyrosine 

Phenylalanine 

Lysine 

HferMtnc 

Arginlne 




Mole percent 





Moderate 

Severe 

Control 

stress 

Stress 

104 ± 

U 

9.0 

dz 

12 

01 

=fc LI 

42 :fc 

05 

4j0 


OS 

4.4 

± 04 

4,9 rf: 

02 

47 

± 

OS 

5-1 

:± OS 

11.0 ± 

06 

11-5 


OA 

MS 

± 02 

BS rf= 

0J' 

6.0 


0,4 

$S 

=fc 07 

97 =fc 

04 

11.0 


07 

13.0 

^ 07 

9-9 * 

OS 

109 


0.4 

10.9 

ifc 04 

03 ± 

OS 

8-5 


04 

8.4 

d: 0.6 

1.4 ±. 

06 

1j6 

± 

0.6 

17 

± OS 

SL5 ± 

0.6 

62 


1.0 

5-4 

± 02 

9.1 d: 

OJS 

9S 

it 

04 

92 

d: OS 

3LI * 

02 

3,9 

±, 

03 

34 

=fc 04 

41 ± 

02 

42 

d: 

02 

44 

2z. OS 

64 d: 

OS 

57 

rfc 

OS 

62 

± 08 

1.8 + 

02 

1.6 

dfc 

OS 

17 

dt OS 

45 * 

OS 

27 

db 

OS 

34 

A OS 

92 rfc 

OS 

92 

=fc 

OS 

97 

± OS 

4.6 z£ 

OS 

44 

dfc 

OS 

42 

:£ 0.4 

S.0 ± 

02 

4.8 

rf: 

03 

5.4 

d: 1.0 

114 d: 

OS 

US 

:fc 

OS 

11.4 

±: 09 

SS * 

07 

S* 

±. 

05 

5-4 

d= 09 

9S ± 

OA 

114 


OS 

107 

d: 05 

102 ± 

03 

106 


OS 

102) 

± OS 

S3 d: 

02 

85 


03 

87 

d: 02 

17 =fc 

04 

IS 

d: 

01 

1.6 

± 0.5 

5.8 ± 

02 

ss 


OS 

54 

rh 0.1 

M d= 

02 

9.6 

it 

03 

94 

=fc 07 

34 dz 

02 

2S 


02 

27 

±. OS 

4.4 ± 

07 

41 


02 

3.9 

± OS 

SJ0 =»? 

04 

5.6 


05 

62 

d=09 

U =fc 

0.2 

1.8 


03 

17 

d: 02 

3 3 ± 

0j6 

2.9 


OS 

3.1 

± OS 


jP.TW.TOT*"T »*\ niTTRQTTnn 


OPAft IO# OPO WJ OT'TT «An7/7T/C*A 


Received 03/12/2004 10:16; 
03/12/04 FRI 12:15 FAX 860 5 


]6:J8 on line [3] for M10?5^r inted 03/12 


5280 


DEKALB GE 


}4 10:45 * Pg 7/10 


@I007 


comm. 


llARNBTTANI* NAYljOfc— AM IKO M'tV ANll I'MOTKlN MKTAWM.lSM 
MOBOUTC «CVC«t 


J 227 



noma »»ti« u-»eu»* 


Fix 3. Chan** in specific activity «| ^[^J^ 

of control* Vety litttel^^^^^jX 
protein from severe y strewed sho °^. / 
sappon the conctarion that fw J^\,rta r cnot 
readily synthesUcd during .^ rcss ; * fji"*^ 
w readily Incorporated into protcm m «n*tre»«a 

controls. :*iKviiliial free amino 

Changes in amounts °* shown in 

adds with increasing water ^ ss ^"_ "jL s j n 
Uble II. The free amino «*e^*SLJ[ 
control .hoots of both vurieti*. were «g»J«J 
that Common ifcoota contained more Urcn ™ 
m »ch free .sparine as ^^^dn^ 
comparison of the W« e -y^° w SL7*PSii«e 

for ft. ■**^jtt*g^ t J^ol 

and Uireortine, and from P™™™ , * ftn a no nC id 
mild add hydrolysate* of WgJ*^?^ 
extracts, it was found that the aHparwrmi. 


ol ..hoot* » mveh greater than the 
tent. Therefore the combined ^rV^^L 
peak was calculated as asparagme. The 
hTmw peak .hiring water strew *a* idso 1 
increased asparaginc content. Free proline con 
centra*.*, increased dramatical durmg 
*rc« to 10 to 125 times i« c»nt»v vain*. At the 
aunc time, valine content tripled, and gluuuniv 
arid and alanine concentrations decrease^ 

Serine, glycine, and IC 

nresentln stressed plants contained more than haV » 

shoots wa* the 20 to * * *J^2« in threonine 
tent There was also a email decrease 

content . ..v w~ri«e activity of individual 
Changes in the ^cifje «^ ° jn flgwre 4 . 
protcta-boun^m^d ^gli. *&• to 

The h^er ^ gz C of Common shoots, 

attributed to tho srt*H« size v» 

plants were exposed to cqu* OTote ; n am no 

The specific active " nr ^^ i £Sd shoot* 

^ from, " E£*£J£Sms of 

level off after 5 or 12 tours. ^ j 

«n> considerably »^ c "^j; _ ctiv ; lr was achieved 
Generally maxmnun specif* > aegtty . 

aft er 1 to 12 honrs. J^JJ^ xvU h the P *- 
Thc specific actmry curve*. ^ thstt 

a^.tSi vsjsjw -or ^ 

Ih e*«cd from ^^J^e itX»l *ith 
control and l*j-d *x» colrtt »l 

Shoots ^^^^^nSkW placcd i» 0J» 
for 6 days were ccftrifac 


^otjott An o aire snow 
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Feg» 4 Changes fa specific activity of indhridnal somble protein ammo acids from l4 CO a -!abded Bermuda, grass 
shoots. Spec if ic activities were raktifered from average protein, composition values for Common Bermuda controls and 
the measured radioactivity figures. 


To the water was added 3*0 p& of randomly labeled 
l *C-glutamic add* moiwammoiutiin salt; specific ac- 
tivity .10 jnc mm©!*"* Water was added to the 
vessels in 0.02 ml increments to replace (bat taken 
up by the shoots. One control and 1 stressed shoot 
were Soiled In boiling 80% ethanqj after 1 hour; 
the other 2 shoots were killed after 3 hours. 
Amino add extracts were made in the usual manner, 
except that the ion exchange purification step was 
omitted, Radioactivity and nxnhydrin-posiUve com* 
pounds were measured on the analyzer. 

Results are shown in table IV. About half of 
the. amino adds, plus at least 11 ninhydrin-negatlve 
compounds, became labeled both fa control and 
stressed shoots* Proline was very slightly labeled 
in controls, but specific activity was fairly high 
because of the low amount present. The proportion 
of recovered label in proline from controls was less 
than 1 % at both sampling times, whereas this pro- 


portion in stressed plants was 6,0 % at 1 hour and 
somewhat less than 8.6 % at 3 hours. The actual 
activity in proline was 25 and 16 times greater in 
stressed plants than In controls at 1 and 3 hour? 
respectively. It is concluded that water-stressed 
Bermuda grass shoots convert glutamic acid to pro- 
line, and accumulate the newly synthesized proline, 
much more readily than do well-watered shoots. 
Turnover of new proline was also very slow; la- 
beled proline was stfll being accumulated 3 hour* 
after labeling. 

The data of table IV also show that glutamic 
•acid-U-**C disappears at about equal rates froili 
stressed and control shoots. The largest amounts 
of label were recovered in several ninhydrin-nega- 
tfve peaks elated before aspartic add. These peaks 
represent sugars and organic acids which woald 
ordinarily have been lost if the sample bad becu 
purified by the ion exchange method. 
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BAWCTT A*D WAVUOR— AMINO ACT* AWD PtoTBIW HETABOLISM 



Compoitnd 


Control 
(-35 bar!) 


Stressed 
(-252 Ws) 
1 3 


► aag threonine 
V^;(rfuhunfc add 

i*r»..* • 

;.y . L l*Skaimt 

m 

y-Y..3fbtahoboiyfic acid 


n 

53 
83 
83 

120 - 

77 

11 

12 

65 

10 

/55 

19 

15 
258 
2 

77 

a 

40 
1 
1 
4 

3 

t 

9L5 


170 
250 

• * • 

si 


2A 

i 
31 

7.1 
16 
188 

&S 

* • • 

5 
11 
2 
2 


24 
854 


14 
12 
410 
SO 
2 
47 

35 
? » • 
1 

"2 
i 

790 


67 
194 

173 

101 


14 

* V « 

5 

a 

34 
15 
192 
101 

81 
1 

28 

1 
1 
1 

2 
12 

1170 


f ^ t|on ^ the analyzer column. *ere detected as 

'/V Ni^rin.^ivc compounds, numbered in order of enw«i ttt*u 
* * ;tttivity only. 

rise h» free arginln^ photosynthesis, 
Porto* s^ere ^ r *^\*thesis are all 
starch accumulation. J^J^^^T Bermuda 
inhibited to some ^ S^to label tVe 

P™^, clearly show that stressed 

shoots readily ac«nniua««» ^ ^ control 

synthcslxcd fro* 0 n a belcd proline ma? 

also reflect an °' /storage compound 

Fn* proline may be •'^"fjf «ter stress, 

lor both carbon and £^ a^Wribta* 
when both starch «*£^£SZ%e utifeed for 
$ach a storage compound rftgnc ^ 

growth upon ^^S, of free amino adds ac- 
Theehar^fal^^^^ ^ 

Sff^rrfoSTin water stressed «tn» 


Discusnoa 

' . . Soluble protein levels In Berinud* grass were 
■found to. decrease with increasing T^J^ 
Chenrt at (3) have reported «*f« s ™ j^!!^ 
decrease, and a second increase in protein level" 
with iicrcaring stress fa citrus seedlings. These 
diangcTwxanS Stocked (15) ^f^'lTX 
and ration phases of drought response. The 

dBta p .r^ ^ t£2fi£3Z «5E 

ever, the Bermuda grass data ^"f—T, _ 
water stress levels, while the citrus J^Zf^ 
taken at strict time intervals after withholding 

W "The marked loss of protein-bound «S™j**J" 
stressed Bermuda grass shoots has not 
ported for other plants. This loss may 
JrTferential hydrolysis of arginine-rich orcein. 
Snch proteins are found in "O^.^^ 
ribosomes (16). Water stress ican iwhice. Jg-J 1 
MmN (&)•<** decrease (14) m "^nal 
hnt rftosomal protdns and Mdear protema have 
not been investigated to connection wft wattr 
Mre». BowevSWenuetor andn^^ 
idns as a v/hole are rich in lysine as well as W 
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stedHngs (3), pmpH* root* (20), «id rye- 

*^&ho»t thb/atudy, posrfbl* di^enc^m 
nitrogen met^Wism bei^ : Coomtqn ^Vf^J 
varletiea were w^.Dnmf J^V^f&JS 

shoot* iojitained the Jiree* amonnts of .free as- 
paratfine. • Aside' froip^iese ii^r OWemOons, no 
Kr*nce*>re drtectod that might «sw a* » 
basis £or ta^fanadm of t&* known differences m 
drought &ponse. Such differences are^till best 
explained on uutoxnical and ir>0f phoJoglcjJ ground* 

(13). v.; 

• * * 
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Order Malvaks 
FAMILY MALVACEAE 


Abortion albescens 
Abutilon otoearpum 
tavatera plebejo 

leaves 
lev vet 
shoots 

-1.6 
—36.1 
-19.8 

** 

o+ 

213 

arid con! island 
balophyte 
trid sandy 

2D 
2B 
2B 

Order Myrtalcs 
FAMILY MYkTACEAE 
Melaleuca uncinata 

« sboots 

-23.0 

D+ 


arid sandy 

2B 

Order Sapln&aJes 

FAMILY SAHNDaCEAE 
Oodonata aatnwta 
Heterodexdron oleifohwn 

shoots 
shoots 

-23.9 
-20.2 

ND 

trig . 


arid sandy 

2B 
2B 

Order Verbeeales 
FAMILY VERBENACEAE 
A vicenmio marixo 

leaves 

-33.8 

** 

263 

mterddat iBaugiuve 

2B 



Division It 

DICOTYLEDONS 
Hefbscete (ftndmeiktsHy herbaceous) 



Genus and specks 

Tissue 

Qs rootle 
potential 
<10*Pa) 

Name 

Ooinrn cornpoood 
scmoL. f dry wi~' 
or (.g fresh wT') 

Ecology or habitat of 
coJccifd species 

Assay 
reference 


Order Arterales 

FAMILY ASTERACEAE (Composite) 
Aster irlpotimm snoots 
shoots 

Centaurea meQtemis shoots 
ChcnJriUc jartte* shoots 
Eri$trca bonaritnxis 


-24.9 


Sb 
IMP) 
13.4 ND 
14.4 ND 
19.2 gb 


164 

(29) 


salt marsh 
coastal 
arid sandy 
and sandy 


I A 
W 
2B 
2B 
2B 


£ 

I 

i 
l 

St 

k 
i 


Hetichrysium apfcvtatxm 
IMoetta leproirpis 
Matricaria maritime 
Minario Uptophylla 
M yriocepfiaiMS staanu 
Phtckea hncrotata 
Scntcio spathutatm 
Scnchuj drroceia 
Vmadlmat 
Wamfa t 
Vedetia biflara 

Order Bnsstcalcs 
FAMILY CRUC1FERAE 

CakUe martiima 

Cortfrcrto cffkimoU? 

ftapSanta saliva 

Older CaryphyfWe* 
FAMILY ABOACEAE 

Mesernbryaxhemum cryrtaUimmt 

Pxaocaubn {Haw) Schwann* 

Tetragonia expanm 
FAMILY CAROPHYUACEAE 

Spergmiaria marina 

SpergBtaria media 

Order Chcnopodltles 
FAMILY CHENOPOD1ACEAE 

Anhrocntmton haJoenemoutes 

Airiptex 

cmtsceas 

Ample* hafimus 

Atriptexl 


shoots 
shoots 
shoots 
shoots 
shoots 

shoots 
shoots 
shoots 


leaves 


shoots 
shoots 
shoots 


shoots 
snoots 


shoots 
leaves 


-16.4 
-27.2 
-6.4 
-50.6 
-10.0 

-13.3 
-21.2 
-17.2 
-13.9 
-9.3 


-14.9 


-3S.3 


ND 

ND 

gb.D+ 

gb 

ND 

Sb 

pb 

ND 

Sb 

ND 

dsp 


ND 

*b4P) 

ND 


ND 

2D+ 

ND 

gb.CP) 
g»4P) 


shoots 


-39.1 


-18.1 


Sb 
Sb 
Sb 


53 
175 


42 


arid sandy 

and saline 

coastal sand done 

halophyte 

arid sandy 

bot regions of India 


trace 


dry saline 
arid sandy 
dry saline 
dry coral island 


sand dune 
coastal 

Srown m 100 mmol Nad 
200nuaoJ NaO 


coast al 


280 
279 
323 
418 
75 


htlopbvte 
halophyte 
trtopfayie 


2B 

2B 

I A 

2B 

2B 

41 

2F 

2B 

2B 

2B 

2E 


IA 
W 
2D 


22 
2B 
5J 

W 
W 


2B 
3H 
51 
3H 
2B 


r 

m 

r 
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Table II continued 


Artiptrj hortmsis 



S° 

84-107 


3H 

Atripirx inflate 

shoots 

-34.7 

gb 

223 

haloptty* 

2B 

Atriptex mtmmuSaria 

leaves 
leaves 

-37.7 

gb 

152 


2B 

Atriptex potmta 


6* 

1 12-223 

halupfayte 

3H 

Atriptex psemheampanutata 

shoots 

-40.2 

gb 

236 

halophyte . 

2B 

Atriptex rvsea 

shoot* 


gb 

94 


53 

Atriptex semibacraia 

shooti 

-35.6 

Sb 

349 

halophyte 

2B 

Atriptex xpongiaso 

leaves 

-34.7 

gb 

340 

halophyte ** fiown in 


* 





500 xnmol NaCI 

2CJ> 

Atriptex suberecta 

leaves 

-13.9 

gb 

260 

saline 

2B 

Atriptex veskaria 

shoots 

-62.0 

gb 

251 

halophyte 

2B 

AtripUx wootiiw 

leaves 


Sb 

284 


5J 

Babbagfo acTcpteta 

shoots 

-43.6 

Sb 

187 

halophyte 

2B 

Bassia braekyptera 

shoots 

-43.2 

Sb 

179 

haJophyte 

2B 

Bassia innicarta 

sboois 

-4S.1 

gb 

214 

halophyte 

2B 

Bassia tamaupm 

shoots 

-31.2 

Sb 

272 

halophyte 

2B 

Bassia parviflora 

shoots 

-27.1 

Bb 

169 

halophyte 

2B 

Bassia patenticuspts 

shoots 

-31.3 

Sb 

168 

2B 

Bassia quinquenupis 

shoots 

-32.0 

Sb 

171 

aawpoyic 

2B 

Bassia stettigera 

shoots 

-22.3 

sb 

193 

arid saline 

2B 

Bassia tricuipts 

shoots 

-31.9 

Sb 

205 

halophyte 

2B 

Beta tyda 

leaves 


gb 

287 


51 

Beta maritima 

leaves 


gb 

195 

sab marsh 

51 

Beta ttigymo 

leaves 


Sb 

179 


5J 

Beta vulgaris 

leaves 


gb 

223 

sab resistant 

5J 

Chenopodium album 

leaves 


Sb 

104 


5i 

Cht/topodlkm bonus-hemins 

leaves 


S* 

190 


3H 

Chenopodhm botrys 



gb 

129 


4K 

Chenopodiam Joetidum 

whole plat* 


gb 

123 

sea-shore 

5i 

Chenopoalvm nirrariaceym 

shoots 

-32.9 

gb 

173 

halophyte 

2B 

Cheaopodfum psettdomiercphyBum 

shoots 

-33.4 

gb 

92 

halophyte 

2B 

Chenopodium arbicum 

shoots 


gb 

37 


3J 


8 


r 

? 


Chenopodium vaharia 

Corixpermam marsckeStie 
Corispermwn tamnoidet 
Enehytaena tomentosa 
Habtitzio tamnoides 
HaHmone pormtacoides 
Kochia trichophyUa 
Kachia seoparia 
Hiaireana sp. 
Afafreana appressa 
btatrrama pyramtdata 
Matacocero tricorne 
Orbkme sfbirkm 
Pachycormia temth 
Rhagodta spinescens 
Satkonda qufnqurjtorv 
Salieonda frmtkmo 
SaHcortda europaem 
Satsaia kaU 
Saisola kali, retrandru 
tongifblla and rigid* 
Spinacia oteracea 

Snaeda maritima 
Saaedo monoica 
ThretkrUht satsnginosa 

family amaranihaceae 

Achyrttnthes aspen 
Achymnthes aspera 
Amarantfuts cattdatus 
Amaranth*? caadatus 
Amaranxfms rttrcfiexus 


wbofc plam 

shoots 

shoots 


wfeote ptaai 
shoots 
whole ptaot 
whole plaat 


gb 
gb 
gb 
gb 

-31.0 & 


shoots 
shoots 
shoots 


shoots 
shoots 
shoots 


-20.5 


-28.8 
-39.4 
-31.8 
-42.7 

-59.2 
-32.3 
-30.7 


shoots 


leaves 
leaves 


shoots 

whole plant 
shoots 


-53.1 
-29.7 


-7.0 


whole plant 


gb 

gb 

gb 

gb 

gb 

gb 

Sb 

gb 

Sb 

gb 

g* 

gb 

gb 

d 

Sb 
gb 
gb 
gb 
gb 
gb 

gb 

gb 
gb 
Sb 
gb 


158 
97 
12 
35 
216 
85 
238 
81 
189 
323 
269 
278 
36 
153 
533 
152 
181 
174 
(45) 
81 


i»aS4 

23 
162 
(63) 
340 . 
203 


46 
186 
82 


halopovt* 

frost fesistaai salt 


brooby* 
halophyie 
sak ifianh 
halophyte 
halophyte 


*et satioe 


coanat dunes 


ukteststaiu 
sab reristam 


halophyte 


dry coral island 


3H 
5J 
SJ 
5J 
2B 
5J 
I A 
JJ 
5J 
2B 
2B 
2B 
2B 
5j 
2B 
2B 
2B 
4L 
W 
S3 

4M 

3H 
51 

2WJC 
2 CD 
2B 

6N 

2E 

3H 

3J 

5i 
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Table 11 continued 


Order Lamistes 

family labiatae 

Ajuga atutratU shoots -14 J 

Errmostathys specitm * 
Lamium album 
tagochiha hmus 
Lagochtius Inebrious 
Lagodttlus ptatycatyx 
Lagochllui pttbesreitt « 
Lagachtlus settthrsus 
Uonurut ruHtesManiau 
Marrubium vulgar* 

Uorrubium vulgar* shoou 
SidtrMi momana 
Stachys betonkarflor* 
Stachys htssarica 
FAMILY MYOPORACEAE 
Ertmophila muchrUi 

Order Polygonales 
FAMILY POLYGONACEAE 

MuchUnbtdda ninninghamii .shoou 

Polygonum avicvlart shoots 

Polygonum dlvaricaium shoots 

Order Ptantaganaks 
FAMILY PLANTAGINACEAE 

Plantago corortopuM shoou 

Planiago maritima shoots 

Older Frtrfttfales 
FAMILY PLU MB AGIN ACEAE 
Armrria maritima shoou -19.* 0-*>.(P) 


•18.4 


-19.3 


-22.1 


ND 
pb 
pb 

Pb 
Pb 
Pb 
Pb 
Pb 
Pb 

OH-pb 

D+ 

Pb 

Pb 

Pb 

D+ 


mg 
ND 
ND 


ND 
ND 


25 
140 
57 
36 
101 
50 
91 
105 
19 

57 
32 
33 


srid sandy 


irid sandy 


arid sandy 


arid salute 


2B 
O 
O 
3,4 P 
O 
O 
O 
O 
O 
6Q 
2B 
O 
O 
O 

2B 


2B 

5i 
5J 


salt marsh 


W 
I A.W 


I A,Y 


r 


Ummmium vulgar* 
Limmxmfum vulgare 
Plumbago capensis 

shoou 
shoots 

-24.7 

0-*b,(P) 
j9-ab.(P)Jmkh 

ND 

50 

salt marsh 
hafephytt 


I A 

4.6 R,S 

FAMILY PRIMULACEAE 








Y 

Claux maritima 

shoou 


ib^ 


trace 

coastal 


W 

Order Solanafes 









FAMILY CONVOLVULACEAE 










whole plant 


*b 






FAMILY SOLAN ACEAE 







4^T 

Ct strum parqtd 

leaves 

-13.3 

D+ 



arid sandy 



Lyritaa barbarum 

*bofc plan 

<b 
gb 
gb 

trig 
ND 


333 
166 
150 
0,5 


2B 

Lyciam chvtf/u* 

leaves 





5J 

Lydum ferocis3imum 

leaves 

-24.5 




3H 

Lycoperskon rrattentum 

leaves 



saline 

lOOmmol NaO 


2B 

Nicothma vthtrina 

leaves 

-15.3 



I CD 

Sofa/turn tsuriate 

sheets 

-16.1 

trig 



saline 
arid sandy 


2B 
2B 

Order Umbellate* 








FAMILY UMBELUFERAE 









Daucus carosa 
Eryngium moruimum 

shoots 
shoots 

-18,1 

ND 
ND 



tOO mrac4 NeCl 
coastal 


ID 

Mf 

MONOCOTYLEDONS 



Osmotic 


Onion) 

CftlHptBJlld 




Genus and species 
Order Granwiales 

Tfesttc 



*mol. g dry wT 1 
or (.g fresh wT 1 ) 

Ecology or baWi 
collected sped 

Wof 

Assay 
method and 
reference 


FAMILY GRAM1NEAE 
Fesmceae (Tribe) 
Ptstuca rubra 
PucdaefUa Sstant 


gb^P) 
gb^P) 


(19) 


W 
W 


s 
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Tab* II continued 


s 



young, ktm 

-22.7 


2.6 

salt marsh 


1 A.W 


Agiosteae 
Agrasris aobuaftrQ 
Ammophila armaria . 

TshOOtS 

shoots 

-R.I 

gb 

(15) 
113,(70) 

coastal 

coastal dunes 


W 
1 A.W 


Hordes* 
Agropyron juncrlfarmt 
Agropyron pungent 
Triacnm vulgar* 
Ehmmj arenaria 

If.— j fail in miImiM 

shoots 
shoots 
^ snoots 
shoots 
shoots 

— IS.! 
-15 -17 

Sb 
gb 
gb 
gb 
gb 

(23) 
(80) 
64 
(77) 
30- SO 

coastal 
coastal 

grown in 100 ma 
coastal 

grown in J50 ran 

sol NaCI 
not Nad 

VY 
W 

ID 
W 

ID 


Aveneae 
jfvrad SGltva 
OaashonSa caespitoxa 

mhoou 
shoots 

-17 
-27 

gb 
gb 

18 

grown in 100 mmot NaCI 
saline 

ID 
2B 


Chtorideae 
Chtorii ociroJarit 

jjponind angEca 
yparuno wnwf"i 

shoots 
shoots 
shoots 
sboott 

-37 
-25 

gb 
gb 

gb,dsp,(P) 
gb,dsp,(P> 

85 

4 

(120) 
23S 

batophytc 

grown in 150 mrool NaCI 
coast si 
sah marsh 

2B 
ID 
W 
1 A 


Efagrosteae 

shoots 


gb 

40 

saline gravel 


1U 


LepKureae 
Upturns rtpcjts 

shoots 

-8.5 

sb 


arid coral Island 


2E 


SpotoboJeae 
Sporobolus virginkM* 

shoots 

-2a 

gb 

101 

salt marsh 


2B 

%m 



-12 

gb 




2F 

i 

Spintftx Mrswus 

shoots 


coastal sand dim 

9 



Maydeae 

shoots 

-13 

gb 

7 

grown In 100 mi 

nol NaCI 

ID 

i 

2» 

Zoysieae 
Zoyrip nacramho 

shoot* 

-15.5 

gb 

26 

sah marsh 


2B 

! 

Uncertain 










Amphipogon caHcima 
Srenctaphnoa utundtauz* 
Trip&a irritant 

shoots 
shoots 
shoots 

-22 
-13 
-28 

gb 
gb 
«b 

saline 

75 salt marsh 
61 arid 

2B 
2B 
2B 

Order Uliales 

FAMILY UUACEAE 
AspfuxJt/us fhJutojvs 
DianrJla rrroliaa 

shoots 
shoots 

-14 J 
-14 

ND 
^g 

saline 
arid sandy 

2B 
2B 

Order Cypenfcs 

family cyperaceae 

Carer arenaria 
Scirjna mariiimm 

shoots 
shoots 


ND 
ND 

coastal 
coastal 

W 

w 

Older iancales 

FAMILY WNCACEAE 
Jwmu grrardU 
/warns maris* mm* 

shoots 
shoots 


ND 
ND 

coastal 
coastal 

w 
w 

Order Aponogeconales 
FAMILY ZOSTERACEAE 
Zastera atarina 

shoots 

-26 

ND*P) 


2Z 

Onler Jnncaginaks 
FAMILY JUNCaGWaCEAE 

Trighchin marirhna 

Postdotda sp 

shoots 
leaves 

-23 
-26 

ND.(P> 
dsp 

sail marsh 

1 A,W 
2Z 


r 


'Osssiftcstioa according to Hutchinson (1971). 


s 


ST0@ 
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Table llcontaued 


AbbftvU&m 

1. Tli is layer photodensiloroesry 

2. Thift Cayer chromatography and pertodlde cdorimetry 

3. AmsDAutm retoeckate or pboiphoruntsiic actd precipnnoo 

4. Ovasaiograpby and mching point determination 

5. Penodide prccipitmoQ 

6. Specaeoscop/ l e.f . UV. IR. NMR or Maw 
ND Nor detectable 

gb Glycncbdtaittc 
trff TnpneDine 

D+ Unksowft Dragcndorfr positive 

pab 0-ilMxmcbctatnc 

pb Piulucbetatne 

OH-pb H%droxyprolmcbcUifte 

dsp DirmhyhvlphonioprDpionsle 

(P) SijnScant proline levels found (>15 junoJ.g fresh wT') 
tmkb 2-tnncthyl»aHDO-6-kelohq)UnoBie 


A. 

Storey ei at. (1977) 


D. 

Cmmi f limn iKH ■ Tirfl rfat*^ 


I.. 



r\ 
L/. 

Cmih ■ p u f Ufup) lfinrt 1 | ik't }» 

jiwi^j no wyn jono \ » 


c 

Tt'lmni mmJk C»M M flllinilMltt»Kl «4%f*l 

riumn no dcotcy |UmwiPUMpWi usiaj 


p t 

PmuVm and Stamr fmmblished dais) 


G. 

Driavean cf al 11973) 


H. 

Oonswefl and Reonic (1953) 


|. 

Dasgupta ei al. (1968) 



Ctsf^ft- mm! rVimta / f QQQ) 

«>IBUvpl anil IWRUI \ I /v/l 


K. 



l» 

^iKTthim m •] f 1 QAOA 

^MMWUJ^P CI % 1 7V7/ 


M. 

K*nwia f* al (I9?n 


N. 

rmw >mI Slach ( 1966) 


0. 

Puipcova (1969) 


P. 

Protknreraa and Utkia ( I960!) 


Q. 

Paudkr and Wagner 0963) 

1 

R. 

Lajbcr and Hamefin (1975a) 

S. 

Larher and Harness (1975b) 

T. 

Bavcja and Smgla (1969) 


U. 

Sartdho 4*1.(1931) 

i 

V. 

Controrth and Henry (1932) 

l 

W. 

Stewasia al. (1979) 

X. 

Flows and Hal) (1978) 


Y. 

Lather (1976) 

i 

Z. 

Wyn Jones unpublished data 
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Drought and salt tolerance: 
towards understanding and 
application 

Kent R McCue and Andrew D. Hanson 

Only a few desirable traits in plants are understood at the molecular 
level. Fewer still are amenable to manipulation by molecular 
biological techniques currently available. The accumulation of 
glycine betaine, an osmoprotectant compound implicated in drought 
and salt tolerance, may be one such trait 


By far the most important factors 
limiting crop productivity are en- 
vironmental stresses, of which lack 
of water (drought) is the most 
serious 1 . Salinity is also a major 
constraint; this is a significant 
problem in the USA because it af- 
fects some of the otherwise most 
productive agricultural areas, in- 
cluding almost 30% of California's 
irrigated land 2 . Increased drought- 
and salt-tolerance have therefore 
been major objectives of plant breed- 
ing programs for regions where rain- 
fall or irrigation supply is limiting, 
where soil salinity is high t or where 
water quality is poor. Although con- 
ventional breeding methods have 
had some encouraging successes, 
overall progress has been slow 1 . This 
has focused interest on the possi- 
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bilities of genetic engineering for 
drought- and salt-tolerance 3 . Is this 
interest justified? We think it is, 
provided that it is tempered by an 
understanding of the inherent limi- 
tations of the genetic-engineering 
approach. 

Adaptations of plants to stress 

Plants have evolved many types of 
adaptations to drought and salinity 
which can be classified as belonging 
to one of four levels. The most 
complex mechanisms, requiring the 
interplay of many gene products, are 
at the developmental level; the 
simplest, perhaps involving only a 
single gene product, at the bio- 
chemical level (Fig. 1). Unfortu- 
nately, with the current levels of 
knowledge of plant genetics and 
metabolism, genetic engineering can 
only be applied to biochemically 
definable traits; desirable but com- 
plex traits remain out of reach. Such 
complex traits Include water-use 
efficiency (the amount of dry matter 
or harvestable yield produced per 


unit of water used)*, root mor- 
phology and anatomy 5 , and the 
ability to exclude salt while main- 
taining water flow through the 
plant 8 . While biochemical adap- 
tations do lie within reach of genetic 
engineering, our understanding of 
integrative processes in plants is not 
yet adequate for predicting whether 
alteration of these traits will trans- 
late into beneficial effects at the crop 
level. 

Qsmoprotectants in plants 

What kinds of biochemical stress- 
resistance traits are sufficiently de- 
fined for genetic engineering? Here 
we present the case in favor of 
glycine betaine accumulation, begin- 
ning with some background on the 
physiology of drought and salt 
stress. A problem for all living organ- 
isms in dry or saline environments is 
to maintain water content; this is 
achieved by solute accumulation, 
which lowers solute potential. The 
solutes accumulated in the cytoplasm 
must be non-toxic ('compatible') 
with respect to metabolic processes; 
that is, they should not interfere 
with protein structure or function 
when present at high concentrations 7 . 
Only a few types of organic com- 
pounds (osmoprotectants) meet this 
requirement; quaternary ammonium 
compounds such as glycine betaine 
are among the commonest of these, 
and occur in bacteria, cyanobacteria, 
algae, higher plants and animals 8 . 
Other osmoprotectants found in 
diverse organisms include various 
polyols, the amino acid proline, 
and tertiary suifonium compounds. 
Many other solutes, especially in- 
organic ions such as Na* 1 *, Cl~ 


coofg 


S2/£ Sd * W-Zi 


saiiaitfaD oTvsaa osze zl$ oos xvj. zz:?t aaa to/oxno 

*00Z/0l/£0 paiuiJcT9S00imi auji uo 9q:61 ui 9Z : Zl *00Z/0L/£0 paAiaoay 


TiBTECH - DECEMBER 1 990 [Vu.. 4 


359 


r-Flg.1- 


and SOl~ r are quite toxic For 
salinity stress, where the cytoplasm 
may be exposed to elevated levels of 
toxic ions, protection of protein 
function in the presence of such ions 
('halopxotection') is desirable. Stud- 
ies with cyanobacteria have shown 
that of several compatible solutes 
examined, only glycine betaine pro- 
vided haloprotection, relieving the 
inhibitory effects of high salt levels 
on enzyme activity 9 . 

Figure 2 shows the chemical struc- 
tures of glycine betalne and some 
other osmoprotectants found to ac- 
cumulate in plants, and the legend 
gives information on their taxo- 
nomic distribution. Glycine betaine 
accumulation is quite widespread, 
occurring in species from many large 
plant families such as the Asteraceae, 
Chenopodiaceae, Poaceae and 
Solanaceae 10 . Interestingly, glycine 
betaine does not accumulate in 
many important crop species such as 
tomato, potato and rice, all of which 
have relatives which are accumu- 
lators. This makes such species good 
targets for genetic engineering of the 
glycine betaine pathway. Some of 
the less common osmoprotectants 
shown in Fig. 2 may also become of 
interest for genetic engineering as 
more is learned about them. 

A very important point about the 
accumulation of glycine betaine (and 
probably other osmoprotectants) in 
higher plants is that this accumu- 
lation is restricted largely to the 
cytoplasmic compartments of the 
cells (Fig. 3a). The compartmen- 
tation of glycine betaine depends, 
presumably, upon specific transport 
mechanisms, but very little is known 
about betaine transport systems in 
plants, and it is not clear whether or 
not such* transport systems are speci- 
fic to betaine-accumulating species. 

Glycine betaine biosynthesis 

The synthesis of glycine betaine 
requires only two enzymes in a two- 
step oxidation of choline (Fig. 4). 
The first enzyme, choline raono- 
oxygenase (CMO), has been partially 
purified and characterized from 
spinach 24 . CMO is localized in the 
chloroplast stroma; it is stimulated 
by Mg i+ and has a pH optimum of 
~8. The reaction catalysed by CMO 
requires molecular oxygen and re- 
duced ferredoxin 24 . The second 
enzyme is betaine aldehyde de- 
hydrogenase (BADH). The majority 
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Some relationships between stress resistance and biotechnology. Crop 
stress resistance can be viewed as the sum of traits expressed at four levels 
of organization. At the highest level are developmental traits (e.g. time of 
flowering). Below this come structural traits (e.g. rooting patterns or leaf 
waxinessKThe next lower level comprises physiological traits such as water- 
use efficiency. At the lowest organizational level are metabolic or biochem- 
ical resistance traits; since these traits can be construed in terms of small 
numbers of enzymes (gene products), they are potential targets for 
biotechnology, though it is difficult to predict the impact on crop yield of 
intervening at the biochemical level. The organizational levels are framed by 
a triangle whose width is proportional to our ability to predict the effects of 
genetic manipulation on stress resistance at whole-plant and crop levels; for 
example, intervention at the developmental level resulting in an earlier/later 
time of flowering will predictably alter stress resistance, whereas the effects 
on resistance of altering metabolic traits, such as betaine accumulation, are 
harder to predict. 
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Some compatible solutes found to accumulate in higher plants. Certain of 
these occur very widely, such as proline. Glycine betaine accumulation 
occurs in several large and important families including the Asteraceae, 
Chenopodiaceae and Poaceae. Other betaines have a more limited distri- 
bution, such as proline betalne found in the Fabaceae and the Lamiaceae. 
and fi-alanine betaine in the Ptumbaginaceae. Other compatible solutes are 
also limited in occurrence, such as o-pinitol found primarily in the Fabaceae 
and some Caryophyltaceae, and ftelimethylsulfoniopropionate, found in the 
marine grass Spartina. (Data from Refs 10-13.) 
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NaCI concentration of medium (itim) 
Solutes in a satirized chenopod feat celt 


K + Na + CI" Organic Betaine 
adds 

(nw) 


Vacuole 150 200 150 100 <1 

Cytosol and chloroplast 120 <50 <50 B0 300 

Glycine betaine a$ a compatible cytoplasmic solute in plant cells, (a) Typical 
patterns of osmotic adjustment and betaine accumulation in leaves of salt' 
stressed plants of the family Chenopodiaceae. Spinach is representative of 
moderately salt-tolerant plants of this family, whereas Atriplex spongt'osa is a 
more halophytic species. In both species r as salt is added to the growth 
medium, the leaves accumulate betaine and other solutes, maintaining their 
solute potential below that of the medium by a fairly constant OS to f MPa. 
This differential provides the driving force for growth and water uptake. (Data 
from Refs 14 r 15.) (W The major solutes which accumulate in salinized leaves 
are Na+, Cl~, organic acids, and glycine betaine. Salinizetion causes 
relatively little change in vacuolar and cytoplasmic K* levels. Ate + and CC~ 
accumulate mainly in the vacuole, and betaine mainly in the cytoplasm 
(chloroplasts + cytosol). The vacuole occupies about 90% of the cell volume, 
and the chloroplast and cytosol about 5% each. Hence osmotic adjustment of 
the bulk of the cell water is achieved with Na* and CT, which are readily 
available from the salinized growing medium, but are toxic to metabolism. 
Glycine betaine, which is non-toxic but energetically expensive. Is used for 
osmotic adjustment only in the crucial metabolic compartments. (Data from 
Refs 16-21.) 


of BADH activity is in the chloro- 
plast stroma, although there may 
also be a minor cytosolic isofonn. 
BADH has a preference for NAD+, 
and has a similar pH optimum to 
that of CMO 25 . We have recently 
cloned cDNAs for BADH from 
spinach 20 , and are currently working 
on the cDNA cloning of CMO. 

The activities of the glycine be- 
taine synthetic pathway enzymes are 
regulated by osmotic stress. CMO 
activity is increased threefold by 
treatment of spinach plants with 
200 ism NaCl 24 . Likewise, BADH 
protein and mRNA levels are in- 
creased several-fold by salt treat- 
ment 28 * 27 . At present, it is not known 
whether control of BADH mRNA 
amounts is at the transcriptional, or 
post-transcriptional level, or both. 


Choline, the substrate for CMO, is 
ubiquitous in nature and its bio- 
synthesis is under feedback control 
in all plants tested* 8 " 30 . A priori, it 
therefore seems likely that the 
supply of choline would be adequate 
to support the additional demand 
caused by introduction of the gly- 
cine betaine biosynthetic pathway. 
However, this assumption should be 
treated with caution; species appear 
to differ in the involvement of sol- 
uble versus phospholipid-bound 
intermediates in choline synthesis, 
perhaps indicating differences in 
compartmentation of the pathway or 
its end product 31,32 . 

Towards engineering of target 
species 

Glycine betaine accumulation 


does not occur in many important 
crop species into which genes can be 
inserted with current technology. 
Some of these betaine-deficient 
species, such as rice, tomato and 
potato, are probably the most prom- 
ising targets for genetic engineer- 
ing; the fact that these have betaine- 
accumulating relatives makes it 
more probable that enough choline 
will be available in the chloroplast to 
sustain high rates of betaine syn- 
thesis, and that the transport mechan- 
isms required to maintain proper 
compartmentation of betaine will be 
present. 

What might be the effect of intro- 
ducing the betaine pathway into a 
non-accumulator on productivity 
under stress? As yet, this cannot be 
answered directly. However, .com- 
paring biomass yields of wild-type, 
betaine-accumulating maize geno- 
types with those carrying a naturally 
occurring betaine-deficiency mu- 
tation showed a yield advantage of 
about 12% for the betaine-accumu- 
lators at a dry site in Mexico (C. 
Lerma, J. Bolanos, D. Rhodes and 
A. D. Hanson, unpublished). An 
effect of this magnitude on produc- 
tion is the most that can reasonably 
be expected from introducing a 
single trait 33 . 

Having selected a target crop 
species, a number of assumptions 
must be made in order to proceed 
{Fig. 5). For example: glycine betaine 
is osmoprotective in a wide variety 
of organisms, so it is likely to func- 
tion similarly in plants that do not 
naturally accumulate it, though this 
will need to be proved for each target 
species. The biosynthesis of glycine 
betaine from choline is fairly well 
understood and as genes are isolated 
for both steps in the pathway, we 
may assume that they will include 
the sequences necessary for targeting 
to the chloroplast. The production of 
the necessary levels of active en- 
zyme product should be attainable 
using constitutive promoters already 
available, although these will prob- 
ably not reproduce the stress- 
inducibility which characterizes the 
natural betaine pathway. Whether 
correct localization of glycine be- 
taine in die cytosol and chloroplast 
will occur is not predictable at this 
point. We do know that non- 
accumulators such as tobacco show 
active uptake of supplied glycine 
betaine 34 , although the subcellular 
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The biosynthesis of glycine betaine in 
plants****. The product of the CMO re- 
action is the hydrate (gem diol) form of 
betaine aldehyde, which Is in spontaneous 
equilibrium with the carbonyl form. It is 
not known which form of the aldehyde is 
the substrate for BADH (betaine aldehyde 
dehydrogenase). 


location of the absorbed betaine has 
not been determined- 
Supposing the preceding assump- 
tions hold, then transgenic plants 
which accumulate betaine in the 
appropriate compartments will be 
obtained. Field performance of these 
transgenic plants will then have to 
be compared with controls, in the 
absence and presence of stress. 
Suppose that performance (yield) 
under stress is improved, but is 
poorer in the absence of stress, and 
that betaine accumulation proves 
not to be stress-regulated in the 
engineered plants. Such an outcome 
would indicate the desirability of a 
more ambitious engineering project 
— the engineering of stress-induci- 
bility, which could be achieved by 
placing the genes of the pathway 
under the control of an osmotically 
responsive promoter. Isolation of 
such a promoter is possible (but has 
not yet been done), but its proper 
functioning would probably require 
trans-acting factors as well as signal 
detection and transducing machin- 
ery to be present in the target plant. 
If the elements of such a network are 
not present, their identification and 
isolation would demand mutch ad- 
ditional basic research. 


Possible engineering problem; t 

We have indicated several 
which engineering glycine 
accumulation into transgenic 
may not be straightforward, 
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Engineering considerations in modifying plant stress resistance by biotech- 
nology. It is important to note that for stress resistance, as for many other 
desirable biochemical traits, the essential metabolites, enzymes and genes 
involved are not yet completely understood Therefore, in order to proceed, 
numerous hypotheses or assumptions must be made. These can only be' 
tested by actually undertaking the engineering of a target species. 
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the effect on stress resistance is not 
predictable. Such uncertainties can 
only be confirmed or dismissed by 
carrying out some pioneering engin- 
eering experiments (Fig. 5). Until the 
genes for CMO and BADH are intro- 
duced and the transgenic plants 
evaluated, we cannot be certain that 
these genes are sufficient for betaine 
synthesis and accumulation. Correct 
targeting of the enzymes to the 
chloroplast is another possible ob- 
stacle, especially when transferring 
genes from monocots to dicots 35 . 
The substrate choline must be 
present in the chloroplast; this may 
require in-situ synthesis or the 
proper transport mechanisms, and 
the known differences in the bio- 
synthesis of choline between 
plants 31 - 32 may affect thB choline 
availability. Compartmentation of 
glycine betaine may depend upon 
specific transport mechanisms in the 
chloroplast envelope, tonoplast and 
plasma membrane, possibly not 
present in all plants; this can be 
substantiated only after successful 
transfer of the biosynthetic pathway. 

Successful expression of betaine 
accumulation might, in itself, create 
problems. Betaine synthesis could 
compete detrimentally with choline 
utilization in phospholipid syn- 
thesis, causing an overall poorer per- 
formance in the engineered plant. 
There could also be more general 
effects resulting from increased car- 
bon and nitrogen partitioning into 
the betaine synthetic pathway; al- 
though calculations suggest that 
these should be inconsequential 38 ' 37 , 
there is no way of being certain in 
advance. 
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Summary 

The value of proline accumulation as a criterion in selecting for drought-tolerance, was evaluated in four 
tobacco cuhrrars of differing drought-tolerance. Proline determination, measurement and calculation of a 
membrane integrity index (ME), and ukiastrucxural observations were conducted simultaneously under 
controlled environmental conditions during the stress period. Water stress of increasing severity 
(0>2-0*3 MPid' 1 ) that ranged from light (-032MPa) to severe (-2-51 MPa) was induced by withholding 
water: A substantial accumulation of proline was observed in ail four enhivars, the extent of which cor- 
related positively with their individual drought-tolerance. Uhxastructural observation indicated that the 
drought-tolerant cultivars mobilized the, more than adequate, store of starch to a greater extent than the 
diought-sensnive cultivars during stress. Water stress-induced membrane damage occurred earlier and 
was* much more severe in the drought-sensitive cuMvars, as their Mil-values already rose to between 
20.4 % and 23.4 % at a *x. of - 1.27 MPa, while those of the drought-tolerant cuhivais only reached values 
of 183% and 20.9% at a t L of -1.67 MPa. The at which proline levels start to increase dra rn a rir a lry 
(the shorter the response rime the better) and the end concentrations of proline accumulated, are ad- 
vocated as criteria to be used in selecting for drought-tolerant tobacco genotypes as early as the FV or re- 
generations. 

Key words Nicotian* tabeaan L, membrane integrity* proline accumulation, selection criterion, stanb 
content, ultrastrucUnt, water stress. 

Abbreviation: MR - membrane integrity index. 


Introduction 

Within the leaves of many plants subjected to moderate or 
severe water stress, one striking change in nitrogen metabo- 
lism is the accumulation of free proline as a result of net de 
novo synthesis from glutamic acid (Barnett and Naylor, 
1966; Boggrss et aL, 1976). Water stress-induced proline accu- 
mulation can account for as much as 1 % of the dry leaf 
matter in many species; this, however,- only takes place if 
there are adequate carbohydrates present in the tissue 
(Hsiao, 1973). Proline has been shown to ameliorate the del- 
eterious effects of heat, pH, salt, *»h»r* and dehvdrarion 


on enzyme activity and organelle systems (Ahmad et at, 
1979; Bowhis and Somero, 197% Nash et aL, 1982; Yancey 
and Somero, 1979). The mechanism whereby these •com- 
patible* solutes (Schobert and Tschesche, 1978) exert their 
mflnenrr has, however, not vet been elucidated (Stewart, 
1989), nor are the molecular mechanisms underlying these 
rffrm completely understood. Proline action has been 
suggested to involve effects on the hydration layer surround* 
ing phospholipids and possibly also its intercalation be- 
tween phospholipid head groups (Rudolph et aL, 1986). Fur- 
thermore, h is striking that many of the solutes which 
acoinrnlarc in stressed plants and which have protective 
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properties are also reported to reduce free radical activity. 
In this regard it has been indicated that proline can also 
detoxify free radicals by forming long-lived adducts with 
them (Floyd and Zs-Nagy, 1984). Just as little is known 
about the changes which the tonoplast and plasmalemma un- 
dergo during desiccation, although leakage studies indicate 
that some changes do occur (Bewley and Krochko, 1982). 
Many of these studies have been reviewed by Simon (1974, 
1978). What is known, however, is that when enzymes, 
structural proteins, macromolecular complexes, etc, are 
desiccated in their native state, the integrity of the molecules 
and structures can be retained if some water remains asso- 
ciated with them, which prevents the formation of unfa- 
vourable conformations (Todd, 1972) or fragmentation 
Parbyshire and Steer, 1973). 

As stated above, it has been suggested for some time that 
the often observed accumulation of proline in plant tissues 
during water stress Is an adaptive response (Handa et aL, 
1986). ft can be argued, however, that the mere correlation 
between accumulation and development of stress is not 
enough proof that the substance has any adaptive value in 
postponing stress or mcreasing stress-tolerance and that 
the accumulation occurs because of disturbance of normal 
nitrogen metabolism with the result that any beneficial ef- 
fects, if such exist, are merely coincidental (Kramer, 1983). 

As it is very difficult to prove that these compounds have 
an important adaptive value, this study was conducted as an 
attempt to gain some evidence, albeit indirectly, as to 
whether the ability to accumulate proline in four tobacco 
cultivars, can be positively correlated with their drought- 
tolerance, because of its protective membrane stabilizing ef- 
fects. To achieve the latter, it was deemed necessary to find 
answers to the following questions: Firstly, does a positive 
correlation exist between proline accumulation, membrane 
integrity and the known difference in drought-tolerance of 
the four tobacco cultivars? Secondly, do the four cultivars 
contain enough carbohydrates to allow proline accumula- 
tion and does the extent to which starch is mobilized during 
water stress differ among the four cultivars? Thirdly, how 
extensive are the water stress-induced uknstructural changes 
and do they differ in the four cultivars? Finally, which, if 
any, aspects) of proline accumulation may be useful as selec- 
tion criteria in selecting for droug|u-tolerance? 


Material and Methods 

In sequence of increasing drought^oJerxnce the four colthrars of 
L. under investigation, were TL33, CDL2S, 
GS46 and ELSOMA. These cultivars were selected due to their dif- 
fering performances in the field daring water stress periods (Per- 
sonal communication: Dr. C J. Steensamp, Tobacco and Cotton 
Research Institute, Rustenbuig, RSA). Seed was allowed to ger- 
minate in soil in pots. The young seedlings developed under 
ghsshome conditions with optimal water application (watered once 
daily to field capacity). Before the onset of experimentation the 
plants were moved to a growth room (photon flux density, 
400 - 600 U mole m" 1 s" relative humidity, 35%) and allowed to at> 
dirnamr for a period of 96 hours. During the acdimatizatioa peri- 
od the plants were watered twice dairy to avoid their experiencing 
any water stress because of the slightly higher growth chamber omv 


perarures. The growth chambers were ik for 13 hour* at 25*Cfo|/ 
lowed by an U hour dark period at 16 *C. Experimentarion started 
when the plants were approximately 90 days old and a water stress 
of increasing intensity (OJ-OJMPad"*) was induced by withhold- 
ing watdr. The water stress pcrhod lasted for 12 days and ranged 
from light (-0.52 MPa) to severe (-231 MPa). Leaf water potential 
determinations gere done every second day with a Scholaoder pres- 
sure chamber (PMS-instniment, Oregon, USA). Membrane iateg. 
rity, measured at ion leakage, was carried out as described by Sul- 
livan and Ross (1979) and modifird by Blum and Ebercon (1981). 
Proline concentration was determined by means of a rapid colori- 
metric method, developed for plant tissue by Bates et aL (1973). AD 
leaf samples were taken at 08:00. The sixth youngest leaf was used in 
all instances, as this represented a mature, nearly fully expanded leaf, 
before dhe onset of s e nesc e nc e . 

For uitnstrucrura) investigation samples of 1 mm 3 were cut from 
the centre of the lamina, lateral to the midrib, while immersed in 
fixative, and these were immediately transferred to hxanvt (23% 
glutaraldehy de in 0L 1 M cacodylate buffer, pH 7.4). After evacuation 
of 15 minutes, fixation was continued for a further 2 hours. The ma- 
terial was postfired far 1 hour in 0-5% aqueous emmum tetroxide, 
dehydrated m acetone and infiltrated with resin (Spurr, 1969). For 
light microscopy semkhin sections were made, stained with to» 
fuidine blue O (Trump et aL, 1961) or toluitEne blue O and neo» 
fuchsin (Botha et aL, 1982). For electron microscopy, thin sections 
were contrasted with uranyi acetate (Watson, 1958) and lead citrate 
(Reynolds, 1963). 


Result* and Discussion 

The calculated MO-valqes (Table 1) of the four cukrvars 
clearly inchcata that the membranes of the drought-sensitive 
cultivars 61X33 and CDL2S) were damaged earlier than 
those of the drought-tolerant ailtivars (GS46 and EL- 
SOMA). This is evident from the fact that die Mil-values of 
TL33 and CDL2S already increased to 20.4% and 23.4% re- 
spectively at a.^t of -1.27 MPa whilst the MH-vaktes of 
GS46 and ELSOMA only rose to similar levels Le. 20.9% 
and 183% respectively at a *r of -1.67 MPa. Furthermore, 
at the severe stress level (-2^1 MPa) the water scress-uv 
duced membrane damage was found to be approximately 
10% more in the drought-sensitive cultivars. The value of 
the above-mentioned results is only fully realized when seen 
in conjunction with the statement of Sullivan and Ross 
(1979). These authors have been concerned with the relation- 
ships between electrolyte leakage following a shock treat- 
mens and general ability of plants to tolerate stress for 
several years. According to them, the evidence they obtained 
indicated that the degree of membrane stability to stress (as 
evaluated by ion leakage) correlates well with the tolerance 
of other plant processes to stress, even if the stress is at levels 
lower than that needed to measure appreciable ion leakage, 
These inrWe soluble protein and enzyme resistance to dena* 
turation, maintenance of pbctosymliesis by intact tissue and 
other responses to stress (Sullivan and Kinbacher, 1967; Sul- 
livan and Ross, 197% Kinbacher et aL, 1967). In the light of 
our results (Table 1 and Fig. 1) regarding membrane integrity 
of the test plants, and because it is the rate of water stress-in- 
duced membrane injury that zs estimated through the meas- 
urement of electrolyte leakage from cells (Bhrrn and 
Ebercon, 1981), it may be said that not only the membrane 
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Tabic 1: water stre&iiiduced proline amimularian and changes in 
die membrane integrity index of four cukivari of NkxxxmnM tab* 


Cum'var 

MPa 

Proline cone, 
mmoikg*' 
dry mass 

%of 
control 

Mil % of 

control 

TU3 


(uo±aoi 

100.0 

aoiao 



L91tO04 

3183 

3.8103 


-1.27 

3.4010,9 

5667 

20L41O7 


-l.$7 

37210.4 

620.0 

22.4103 


-1.97 

930103 

15X33 

30.410.4 



lt35±03 

30197 

383103 


-231 

35.66107 

59433 

5i.i ia9 

CDL28 

-032 

08110.02 

100.0 

aoiao 


-0177 

13910.01 

2457 

43103 


-L27 

330103 

407.4 

23.4103 


-1.67 

M510.4 

6723 

28.410.9 


-157 

53210.9 

7183 

323109 


-232 

16l26±0.4 

2007.4 

36.1103 


-231 

3272103 

39777 

523103 

GS46 

-032 

ai7io.oi 

100.0 

0.010.0 


-077 

L1910J04 

700.0 

67103 


-1.27 

2.121O03 

12473 

7.4103 


-1.67 

6X3103 

40173 

183107 


-1.97 

14.1610.2 

8329.4 

29.41Q7 


-232 

3020103 

77647 

40.6107 


-231 

4130107 

46473 

42310.4 

ELSOMA 

-032 

03810.01 

100.0 

0.0100 


-077 

13910.02 

418-0 

6.810.9 


-177 

20510.9 

5393 

8.9103 


-1.67 

1171103 

3081.6 

20.9103 


-1.97 

2372107 

6242.1 

267103 


-232 

4478103 

1784.2 

32310.4 


-231 

47.62107 

25313 

41.1103 


Mfl - Kl-fT/TO/KCv/CiH X 100 where according to Blum and 
Ebercon (1981), T and C refer to mean of treatment and controls, 
respectfrdf, and subscripts 1 and 2 refer to initial and final conduc- 
tivities, respectively. 


systems of the dVougbt-senritive cuJtivars, but also their phy* 
siologtcal proces ses in general -were damaged earlier. Fur- 
thermore, the extent of the water stress-induced damage, as 
reflected by the steeper slope of the Mil-curves (Bg, 1), was 
much more severe in th^esecuhxvars. In keeping with the idea 
dm die water soress-indoced membraiie damage was much 
more severe in the drcnigjbt-sensitive cukivars, h should also 
be noted that at a ^ of -231 MPa, membrane damage in 
these cuhhars was irreversible. Dhe latter statement is sup- 
ported by the fact that the Mil-values represent the per- 
centage of membrane injury due to desiccation (Blum and 
Ebercon, 1981) and these values of the drought^enshive cut 
rivars exceeded 50%atat t of -231 MPa (Table 1). 

According to Bewley and Krochko (1982) direct evidence 
that species specific differences in membrane composition or 
protein structure contribute to the tolerance of plants is gen- 
erally larking. This view is shared by Schwab and Heber 
(1984) who concluded that drought-tolerance cannot be ea> 
plained by a particular nwmbrane structure which makes the 
membrane insensitive to water stress, but must rather, 
though it may only be in part, be attributed to the composi- 
tion of the membrane sumnmcungs, with special reference 



-03 -i -u -8 -t-» 
Leal waterpofentlal (MPa) 


+ TLM . O COU* O 9M * IUOMA 


Hg. lr Effect of water stress on the membrane integrity of four cul- 
tivarj of Nicotian* uhaaan L. of coffering drc*ight-tolerance. 



>Qjf - 1 -U - I -23 
Leaf waterpotenual (MPa) 



Fig 2: Water stress4nduced proline accxinwilarioQ in four cukivirs 
of tfscotianM tabacum L- viuch differ with respect to their drougbt- 
toterance. 


to membrane compatible solutes. In this regard it is interest- 
ing to note that Rudolph et aL (1986) found that in the pres- 
ence of trichalose, sucrose, proline and glycine betaine, ion 
leakage is prevented. 

Id accordance with the results obtained by several authors 
(Bogges and Stewart, 198% Hands et aL, 1986) in several 
species, our results showed a dramatic increase in the free 
proline levels of all four the tobacco cuhivars (Fig. 2). At a 
¥ L of -077 MPa die proline levels of all four the tobacco 
cuhivars already deviated significantly from the control 
values. The proline concentrations of the drought-sensitive 
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culuvars were 1.91 and l-99 junoI« gram" 1 "spemvcty, 
which is more than double the proline concentration in the 
unstressed tissue, while the proline concentration in the 
drought-tolerant culuvars had already nsen to 1.19 and 
139 umoles gram" 1 , which is four times more dhan the pro- 
line concentration in the unstressed tissue. The base proline 
levels of the drough«olerant cyltrvars proved w be lower 
than those of the drought-sensitive culnvars (Table 1). Of 
greater importance, however, Is the fact that the drought- 


' tolerant cnltivars were able to accumulate roline earlier and 
to much higher end concentrations. At a of - 1.67 MPa 
the proline concentrations of both drought-sensitive cul- 
rivars were just a httle more than six times those of the 
controls, while that of GS46 was 40 times higher and that of 
ELSOMA, 30 times higher than their respective controls. At 
the severe stress level of -231 MPa the amount of proline 
accumulated by ELSOMA was more than three times higher 
than that of both drought-sensitive cnltivars and that of 


Ing.3: Differential water stress-induced 
uhrastructural changes in four tobacco cnl- 
tivars of dzficring drought tolerance: (a) 
CDL28 (?i - -032 MPa); (b) ELSOMA 

(*t 032MPa); (c) CDL28 (* L - 

-1.97MPa); (d) ELSOMA (** T 
-L9ZMPafc (e) TL33 (*t - -23lMPa> 

(QELSOMA {*i 231 MPa). Bar - 

lum. 
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GS46 more than four times higher than both the drought* 
sensitive cultivars (Table 1). With reference to the latter two 
sets of results, it should be noted that Hsiao (1973) stated 
that sketchy indications are that the level of proline may be 
insensitive to mild stress and that accumulation only takes 
place if there are adequate carbohydrates in the tissue. The 
accumulated proline apparently came from de novo synthesis 
{Thompson et aL 9 1966) with glutamate as precursor (Morris 
et aL, 1969) and there is evidence to indicata that carbo- 
hydrates are the eltimate source of the skeleton (Stewart et 
aL,1966). 

With regard to carbohydrate reserves of the test plants the 
following observations relating to starch grains in the chic* 
roplasts were made. Special attention was, however, paid to ■ 
the state of the chloroplasr envelope membranes as well as to 
that of the inner thylakoids in this investigation, as according 
to Fexiari-Hiou et aL (1984) chloroplasts can be regarded as 
the most fragile organelles in the cell. In the unstressed leaves 
of all four cultivars the presence of large starch grains was 
striking, although the leaves were sampled after only 2-3 
hours of exposure to light (Figs. 3 a and 3 b). The grana were 
found to be clearly defined, with parallel thylakoids and 
little dilatation of the mtergranal spaces* Osmiopmlic 
globules, some appearing more camiophflic than others, oc- 
curred in most of the chloroplasts studied. 

After water had been withheld fox 8 days (f L - 
-1.97 MPa), the number and size of the starch grains of the 
chloroplasts of leaves of cultivars TL33 and CDL28 (Kg. 
3c), showed little change from the original situation observ- 
ed in the unstressed leaves. The chloroplast envelope mem- 
branes in some cells of cultivar TL33 were not clearly de- 
fined, while in others they were soil intact. Large hpidtc 
globules were present in some of the chloroplasts. Granal 
and stromal thylakoids were severly disrupted in some chlo- 
roplasts. The chloroplast membranes in leaves of CDL28 
were stiH intact and the position of the plasmakmma with 
regard to the cell wall showed little change, although signs of 
sh rinking of cytoplasm were discernible in some cells. Few 
vesicular structures were present in the cells. Stromal thyla- 
koids showed some signs of dilatation in some of the cells, 
but the grana were sdll intact. The size of starch grains de- 
creased in many chloroplasts in the leaves of cultivars EL- 
SOMA and GS46 (Fig. 3d). This was especially apparent in 
the case of GS46, where many of the chloroplasts lost their 
original bulging appearance due to large starch grains observ- 
ed in all unstressed leaves, la leaves of cultivar ELSOMA, 
vesicular structures were present in some of the vacuoles and 
signs of plasmolysis could be observed. The granal and 
stromal thylakoids were still intact as were the chloroplast 
membranes (Fig. 3d). Cells with granular vacuolar content 
were observed. Chloroplast membranes in leaves of G546 
were soil intact and the thylakoids appeared normal in most 
of the cells investigated. Vesicular structures were observed 
in many of the ceils. One of the most noticeable features of 
these cells was the granular or fibrillar material which col- 
lected in some of the vacuoles (Fig. 4). This was also dis- 
cernible in the sections prepared for light microscopy and 
was not observed in any of the other cukivars at this stage. 

After water had been withheld for 12 days {fi - 
-231 MPa), large liptcGc globules, some more osniiophilic 




Fig. 4: Distinctive water stress-induced appearance of granular or 
fibrillar material in the vacuole of cultivar GS46 after aft«f 
-1.97MPa was reached. Bar - 1 urn. 


than others, appeared in chloroplasts of all the cultivars in* 
vestigatad (Fig. 3e). Leaves of cultivar TU3 still contained 
starch grains in most of the chloroplasts (Fig. 3e). The starch 
grains were smaller than those present in unstressed leaves. 
Cytosolic damage was very severe in some cells where 
vesicular material collected in large parts of die celL Large os- 
miophilic accretions appearad in die degenerated cells. In 
severely damaged chloroplasts signs of bulging of the outer 
chloroplast membrane were observed. Some of the chloro- 
plasts assumed a curved shape (Fit 3e) and the cells showed 
signs of plasmolysis. Leaves of cultivar CDLZ8 still contain- 
eof cells with intact thylakoids. Some of the chloroplasts con- 
tained starch grains smaller than those observed in un- 
stressed leaves, white other chloroplasts were almost or 
completely depleted of starch. This could also be observed 
by light microscopy. Chloroplast membranes were still in- 
tact. Fibrillar znaterial collected in the vacuoles of some of 
the cells, where the tonopbsts appeared to be poorly defined 
or damaged. Vesicular structures were present in the vacu- 
oles of some of the cells. Few signs of severe plasmolysis 
were detected. Leaves of cultivar ELSOMA contained chloro- 
plasts with smaller starch grains (Fig. 3f> F&riDar or granu- 
lar material collected in the vacuoles while few vesicular 
structures were observed in the vacuoles. Chloroplast en- 
velope membranes were still intact, although the first signs 
of granal and especially stromal thylakoid dilation were ap- 
parent in some of the cells. Signs of plasmolysis and curved 
chloroplasts were observed in some of the cells (1% 31). In 
leaves of cultivar GS46, the stromal and granal thylakoids 
appeared somewhat dilated but ail membranes investigated 
were stiU intact. Small starch grains were present in the chlo- 
roplasts. Fibrillar or granular material was present in the 
vacuoles (Fig. 4). These cells showed little sign of plas- 
morysis. 

Thus, although no complete loss of starch was observed at 
any stage during water stress, in contrast to the situation re- 
ported by Giles et aL (1976) in water stressed leaf tissue of 
Sorgfnmt tricolor, a decline in the starch content was observed 
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Pyrroline-5-CarboxyIate Reductase Is in Pea 
(Pisum sativum L.) Leaf Chloroplasts 1 


P. John RayapatT, Cecil R. Stewart, and Ethan Hack 

Department of Botany, Iowa State University, Ames, Iowa 5001 1 


ABSTRACT 

Proline accumulation is a well-known response to water deficits 
in leaves. The primary cause of accumulation is proline synthesis. 
A'-Pyrroline-S^arboxylate reductase (PCR) catalyzes the final 
reaction of proline synthesis. To determine the subcellular loca- 
tion of PCR, protoplasts were made from leaves of Pisum sativum 
U lysed, and fractionated by differential and PercoU density 
gradient centrifugation. PCR activity comigrated on the gradient 
with the activity of the chloroptast stromal marker NADPH-de- 
pendent triose phosphate dehydrogenase. We conclude that PCR 
is located in chloroplasts, and therefore that chloroplasts can 
synthesize proline. PCR activities from chloroplasts and etiolated 
shoots were compared. PCR activity from both extracts Is stimu- 
lated at least twofold by 100 millimolar KCI or 10 milfimolar MgCt* 
The pH profiles of PCR activity from both extracts reveal two 
separate optima at pH 63 and 7.5. Native isoelectric focusing 
r gels of samples from etiolated tissue reveal a single band of PCR 
activity with a pi of 7.8. 
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Induction of proline accumulation by water deficit is a well- 
known, but little understood, phenomenon in plant stress 
physiology. Proline accumulation is caused primarily by in- 
creased synthesis from glutamic acid; the biosynthetic path- 
way is postulated to be analogous to that which converts 
glutamic acid to proline in Escherichia coli (2 1 ). The first two 
enzymes of this pathway have yet to be defined in plant 
extracts. The third and final enzyme PCR, 2 has been measured 
from several . plant sources (12, 13), and Knieger et aL (10) 
have purified it to apparent homogeneity from wilted barley 
leaves. j 

The subcellular location of proline biosynthesis has ?ot 
been dearly established. The involvement of light in this 
process has been indicated. Noguchi et a/. (17) have shown 
that inhibition of PSII inhibits proline synthesis in tobacco 
leaf discs. Rajaopal et al (20) have shown that the pattern of 
proline accumulation in drought-stressed wheat parallels the 
pattern of diurnal change in light intensity. PCR activity has 
been reported in chloroplast-enriched fractions from tobacco 

1 Supported by U.S. Department of Agriculture Competitive Re- 
search Grants Office grant 85-CRCR- 1-1671. 

2 Abbreviations: PCR, A'-pyrroline-S-carboxylate reductase; 
MMT, Mes, Mops, Tricine; CAPS, Hcydohexylamino)pro- 

r panesulfonk acid; CHAPSCX Hl3-cholamidopropyl)-diethylam- 
| monio>-2-hydroxy- 1 -propanesulfonate; GK, 7-glutamyl kinase; GPR, 
t 7-ghitaroyl phosphate reductase; TPDH, triose phosphate dehydro- 
genase. 


leaves (16), but Kohl et al. (9) found that in soybean root 
nodules this enzyme is in the cytosol and not in plastids. To 
obtain an indication of the subcellular location of proline 
biosynthesis in leaves, we have investigated the subcellular 
location of PCR, the only proline biosynthetic enzyme for 
which a reliable assay in higher plants is available. Our results 
indicate that, like many other amino acid biosynthetic en- 
zymes, PCR is located in the chloroplasts. We have also 
compared the properties of PCR from leaves and from etio- 
lated shoots and find that they are similar. 

MATERIALS AND METHODS 

Plant Material 

Peas {Pisum sativum L. var Argenteum) were grown in soil 
fiats in a growth chamber under the following conditions: 16 
h light, 8 h dark, 20*C, 270 ^mol s* 1 nT 2 combined fluorescent 
and incandescent light Plants were watered with Hoagland 
solution (7) every third day and were allowed to wilt for 1 d 
each week. The wilting ensured that increased proline synthe- 
sis was stimulated. The Argenteum variety was used because 
its leaf epidermis is easily peeled away. Protoplasts were 
prepared from peeled leaves. Etiolated peas (/>. sativum L. 
var Progress No. 9) were grown in coarse vermiculite at 30*C 
in darkness for 9 to 12 d and watered with deionized water. 
Progress No. 9 was used for experiments with etiolated tissue 
because sufficient Argenteum seed was not available. 

Protoplast Preparation 

Pea protoplasts were prepared from 4-week-old leaves of 
the Argenteum variety (24). Plants were destarched by placing 
them in darkness for 24 h. Adaxial epidermises were peeled 
and 40 leaves were floated on protoplast buffer (500 mM 
sorbitol, 5 mM Mes-KOH, 1 mM CaCfe, [pH 6.0]) containing 
wall digesting enzymes (2% [w/v] Onozuka cellulase, 0.5% 
[2/v] Macerozyme, 1% [w/v] hemicellulase) and 0.2% (w/v) 
BSA in 8.5 cm Petri dishes in darkness at 30*C After 1 h, the 
digestion medium was aspirated and 10 mL of protoplast 
buffer was added to each dish. Protoplasts were released by 
gentle rocking and decanted into a beaker, then another 10 
mL of protoplast buffer was added, and the remaining pro- 
toplasts were decanted. Protoplasts were collected by centrif- 
ugation in a swinging bucket rotor at lOO&ut for 1 min at 
4*C. The supernatant was aspirated and discarded. Protoplasts 
were resuspended in 5 mL of chloroplast buffer (300 mM 
sorbitol, 1 mM MgCl 2 , 1 mM MnCb, 2 mM EDTA, 0.2% [w/ 
v] BSA, 50 mM Mops-KOH [pH 7.2]). 
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Protoplast Fractionation 

Protoplasts were ruptured by passing the suspension three 
times through 20-mhi nylon mesh at the end of a syringe 
barrel. Microscopic examination revealed complete lysis of 
all protoplasts after this treatment The resulting suspension 
was centrifuged in a Sorvall HB-4 swinging bucket rotor at 
250£ m » for 2 min. Pellets, which contained both damaged 
and intact chloroplasts, were resuspended in 3 mL chloroplast 
bufTer and overlaid on a Percoll (Pharmacia) gradient. The 
gradient was generated by mixing 15 mL Percoll with 15 mL 
2x chloroplast buffer in 50-mL polypropylene tubes and 
centrifuging at 40,000£ mw in a Sorvall SS-34 fixed angle rotor 
for 30 min; the rotor was stopped without the brake. The 
overlaid gradient was centrifuged at 8,000^ for 20 min in 
a Sorvall HB-4 swing-out rotor without the brake. A 12-cm- 
long, 20-gauge needle was inserted into the gradient to the 
bottom of the tube, and the gradient was fractionated into 
1 .6-mL aliquots using a peristaltic pump. 

Extraction of PCR 

Because Percoll interfered with enzyme assays, protein was 
precipitated from each Percoll gradient fraction by addition 
of 2.4 mL of a 50% (w/v) polyethylene glycol (3,500 average 
molecular mass) solution buffered with 50 mM Mops-KOH 
(pH 7.2). Samples were vortexed, incubated 10 min, and 
centrifuged in a Sorvall SM-24 fixed angle rotor at 20,(X% m » 
for 10 min. Supernatants were aspirated and the pellets resus- 
pended in 0.2 mL of 20 mM Tricine-KOH (pH 8.0), 5 mM 
MgCb, 10 mM 0-mercaptoethanol, and 20% (v/v) glycerol 

Etiolated pea shoots were harvested and stored at -20TT. 
five hundred g of shoots were homogenized in 500 mL 
grinding buffer (100 mM Mpps-KOH, 1 mM EDTA, 20 mM 
MgCfe, 10 mM 0-mercaptoethanol, 5% [w/v] insoluble PVP) 
with a Polytron tissue homogenized (Brinkmann Instruments) 
at 4*C for 5 min. The slurry was filtered through four layers 
of cheesecloth. After filtration, the extract was brought to 30% 
saturation with (NH*^ at 40 # C, incubated 15 min, and 
centrifuged in a Sorvall GSA rotor at 25,000^ for 10 min. 
The supernatants were pooled, bought to 60% saturation 
with (NKUzSO* incubated 15 min, and centrifuged again. 
The pellets were resuspended in 5 ml 20 mM Tricine-KOH 
(pH 8.0) and desalted on a Sephadex G-25 column (2.5 x 28 
cm) equilibrated with the same buffer. This preparation was 
made 20% (v/v) with glycerol and stored at -20*C. 

For assays of crude chloroplast preparations, PCR was 
rapidly extracted from chloroplasts by the following modifi- 
cation of the procedure used for gradient purification of 
chloroplasts. The 250g pellet from a lysed protoplast suspen- 
sion was resuspended in 6 mL of chloroplast buffer and 
recentrifuged at 250* for 2 min in a Sorvall HB-4 rotor. This 
pellet was resuspended in 2 mL of lysis buffer (20 mM Tricine 
[pH 8.0), 0.1 mM PMSF, 1 mM DTT) plus 1% (w/v) 
CHAPSO. After 10 min at 4*C, the sample was centrifuged 
in a Sorvall SS-34 rotor at 43,500& ntt for 1 5 min at 4*C The 
supernatant, which was yellow-green, was assayed. 


Assays 

The following assays were performed as previously de- 
scribed. NADP*-dependent those phosphate dehydrogenase 
was used as a stromal marker (1 1), Chi as a thylakoid marker 
(11), Cyt c oxidase as a mitochondrial marker (1), and 
catalase as a peroxisome marker (2). The general PCR assay 
buffer contained 50 mMTricine-KOH (pH 8.0), I mM DTT. 
200 /iM NADH, and 2 mM D^-A'-pyrroline-S-carboxylate 
(d,l-P5Q. For the subcellular fractionation experiments the 
buffer also contained 100 mM KC1 and 0.01% (w/v) Triton 
X-l 14. d,l-P5C was prepared by the method of Williams and 
Frank (26). P5C-dependent NADH oxidation was measured 
at 340 nm. The extinction coefficient of NADH (6.2 mM" 1 
cm" 1 ) was used to calculate PCR activity. Kinetic parameters 
were determined by iterative fitting of the Michaelis^Mcnten 
equation (25). 

Isoelectric Focusing 

A modification of a previously described method ( 1 5) was 
used. Native isoelectric focusing was carried out in gels that 
were poured and run in a Mighty Small electrophoresis ap- 
paratus (Hoefer). Gels contained 4% (w/v) acrylamide. 
0.0016% (w/v) methylene-6w-acrylamide, 1% (v/v) NP-40, 
10% (v/v) glycerol, and 5% (v/v) Pharmalytes (pH 3^10). 
Gels were run at 200 V for2 h followed by 400 V for 2 h. To 
locate PCR, gels were rocked for 2 h in 50 mL of 40 mM 
CAPS-HQ (pH 8.5), 100 mM L-proline, 1 mM NAD*, 1 mM 
MgfOAcfe, 100 mM KOAc, 300 Mg/mL nitroblue tetrazolium, 
20 Mg/mL phenazine methosulfate. This staining system gives 
purple bands by the reverse (proline dehydrogenase) reaction 
of PCR, which is active at pH >9. Two-mm-thick gel slices 
were also assayed spectrophotometrically for PCR activity in 
the forward reaction. Slices were incubated in PCR assay 
buffer for 15 h. Reverse activity of the same samples were 
measured spectrophotometrically as previously described 
(12). In these assays forward PCR activity was fivefold greater 
than reverse activity. 

RESULTS 

Subcellular Localization of PCR Activity 

A crude chloroplast suspension prepared from lysed pro- 
toplasts contained 25% of the PCR activity in the protoplast 
suspension (Table I). The suspension contained comparable 
proportions of two chloroplast markers, NADP*-TPDH ac- 
tivity (15%) and Oil (19%). This result suggests that PCR 
may be localized in plastids; however, the suspension also 
contained significant amounts of activity of a mitochondrial 
marker enzyme, Cyt c oxidase (6% of total activity), and a 
peroxisomal marker enzyme, catalase (13% of total activity). 
When this chloroplast-enriched preparation was fractionated 
by isopycnic Percoll density gradient centrifugation, the max- 
imum PCR activity coincided with the maximum TPDH 
activity and Chi concentration (fraction 3, Fig. 1). There was 
almost no Cyt c oxidase activity in this region of the gradient, 
but some catalase activity was apparent The proportion of 
catalase activity recovered in fraction 3 was only one-third 
the proportion of chloroplast markers and PCR recovered in 
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Table L Distribution d PCR and Markers in Subcellular Fractions 
from Pea Protoplasts . 


Total Units* 


Percent of Total 
Atong Gradient* 


Marker 


3mL 3mL Total along Fraction Fraction 
protoplast chtoroptast Perec* -- — 

su spension suspension gradtenf 


NO. 3 NO. 17 


PCR 

TPDH 

CW 

Cyt c oxidase 
Cataiase 


0.8 

0.20 

1.02 

35 

3.3 

0.50 

0.54 

29 

5.0 

0.95 

1.44 

33 

6.3 

0.35 

0.003 

3 

4.2 

0.55 

0.14 

11 


9 
6 
21 
0 
17 


m unit = 1 urnd rnrf 1 for enzymes and 1 mg tor CN. »r*nv 
bers in the third column represent 100%. • Sum of activities in al 

fractions. _^ . 



9 « 
Friction nu*«r 


<. Distribution of PCR activity and subcellular markers along 
I gradient PCR (0* refractive index (♦). triose phosphate 
vOenase (A), CM (A), Cyt oxidase £9, and cataiase (W- The 
I samples contained 60 mg protein. Fraction 1 is the bottom 


that fraction (Table I). The lower recoveries of Cyt oxidase 
and cataiase indicate that fraction 3 contained lesser propor- 
tions of mitochondria and peroxisomes than of chloroplasts. 
Moreover, the distribution of PCR activity in the gradient as 
a whole coincided more closely with the distribution of TPDH 
than with that of cataiase or Cyt oxidase. 

In three of seven replicate gradients (data not shown), PCR 
activity was prominent in the ruptured chloroplast region 
(fraction 17). This distribution suggests that PCR is associated 
with thylakoid membranes. Several nonionic detergents were 
added to the chloroplast lysis buffer to test their ability o 
o^ate interaction between PC* and ^ 
of PCR activity in the soluble faction from chtoroplasts was 
Screwed twofold by NP-40, CHAPS, or CHAPSO (data not 

* Whole etiolated shoots yielded 100-fold greater PCR activ- 
ity than chloroplasts from green leaves. When euoplasts were 
purified from pea shoots on a Percoll gradient, PCR activity 
\A2 nmol min"' mg protein"') was detected, but the yield was 
less than 1% of the PCR activity of whole shoot extract. The 
yield of etioplasts was itself very low: only 1 .3% of the total 
NADP*-TPDH activity of etiolated shoots was present in the 
etioplast fraction (102 nmol min"' mg protein-). These re- 
sults surest that PCR is present in etioplasts, but do not 
Provide^nclusive evidence as to its subcellular d.stribuUon 
in etiolated shoots. 

Kinetic Properties of PCR 

The specificity of chloroplast PCR for pyridine nucleotide 
cofactoS™ investigated. At pH 7.5 ^^JgJ 
2 mM D4.-P4C, the enzyme had apparent K m s for NADPH 
and NADH of 0.12 mM and 0.19, respectively, whereas 
was greater with NADPH (0.19 M mol min;' mg protein ) 
than with NADH (0.1 5 M mol min" 1 mg protein" ). The kinehc 
parameters of PCR from etiolated shoots were also examined 
PCR from etiolated shoots had apparent K«s for N ADFH 
and NADH of 0.1 mM and 0.43 mM, respectively. The K„» 
was greater with NADH (3.2 Mmol min"' mg protein ) than 
with NADPH (0.83 Mmol min"'). . 

There were two pH optima for PCR activity in chloroplast 
preparations, at pH 6.5 and at pH 7.5 (fig. 2A). These optima 
So present in PCR prepared &om etiolated pea sbcote 
(fig. 2B) and similar optima were observed with both enzymes 
when NADPH was the substrate (data not shown) 

Salt stress causes proline to accumulate (3, 8). Light in- 
creases the Mg 1 * concentration in the stroma in mo (19). 
The effects of salts on PCR activity were investigated to test 
the hypothesis that proline biosynthesis can re^ood to 
changesin ion concentration. One hundred mM KQ (F*3) 
or 10 mM MgCfe (fig. 4) caused an appro^mately twofoW 
increase in the PCR activity of both chloroplast and etiolated 
'p^tionT Potassium acetate, NH.C1, and l™OAc*m- 
uiated PCR activity to the same extent as KCL (Table II). 
Maximal stimulation was observed at concentrations between 
50 and 100 mM KQ. Activity declined at concentrations 
above 100 mM; at 200 mM KCL activities were only slightly 
higher than the control activity of the chloroplast enzyme 
increased to a maximum at 10 mM MgCfe and did not differ 
between 10 and 20 mM (fig. 4). Activity of the enzymes from 
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Figured Effect of pH on PCR activity from pea chloroplasts (A) and 
etiolated pea shoots (B). MMT buffer used for the pH curve contained 
50 mM Mes, 50 mM Mops, and 50 mM Tricine. Ha or KOH was used 
to adjust pH. Except for the change in buffer, the general PCR assay 
conditions were used, NADH being the substrate. Results are the 
means and standard errors of four assays. 


120 


100 


n 

85 


•S B * 


2 S 



• etiolated 



» / 

• chloroplast ^* i5 ^t 

> 25 50 

75 100 125 150 175 200 


m kci 


20 §9 


Figure 3. Effect of KCI on PCR activity from pea cWoroptasts (•) 
and etiolated pea shoots (O). Assay was as described in -Materials 
and Methods," but KCI was added. Results are the means and 
standard errors of four assays. 

etiolated tissue increased with increasing MgCb concentration 
to a maximum at 5 m*i, but activity at 10 and 20 mM was 
lower than it was at 5 mM (Fig. 4). Sucrose and sorbitol of 
osmolalities equal to that of 100 mM KCI did not cause any 
significant stimulation (Table II). Potassium acetate, ammo- 
nium chloride, and ammonium acetate stimulated PCR ac- 
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Figure 4. Effect of MgCfe on PCR activity from pea chloroplast {•) 
and etiolated pea shoots (O). Assay was described in "Materials and 
Methods" but MgCfe was added. Results are the means and standard 
errors of four assays. 


Table IL In Vitro Effects of Salts and Sugars on PCR Activities* from 
Pea Leaf Chloroplasts and Etiolated Pea Shoots 


Treatment 

CNofopldst 



nmol rrtn** mg protein" 1 * 

Control 6 

4 C (10) 

35(7) 

Monovalent Cations 


+100 mM KCI 

9 (0.2) 

138(31) 

+10dmMKOAc 

9(11) 

127(3) 

+100mMNH«a 

10(0.0) 

162(3) 

+100 mM NH«OAc 

8(1.2) 

142(39) 

+200 mM Sucrose 

3 (0.5) 

39(5) 

+200 mM Sorbitol 

3(0.6) 

39(4) 

Divalent cations 


+10 mM MgCfe 

13(0.7) 

132(19) 

+10 mM MnCfe 

14(1.3) 

170(10) 

+10 mM CaCfe 

13(1.3) 

164(23) 

+10mM Mg(OAc)2 

14(0.7) 

117(33) 

Combined cations 



+10 hum MgCfe + 100 mM KO 

8(1.0) 

147(8) 


' Mean (se). Each value represents the mean of four assays. 
' Assay described in "Materials and Methods." 


tivity to the same extent as KCI (Table II). Manganese chlo- 
ride, calcium chloride, and magnesium acetate caused the 
same stimulation as magnesium chloride (Table II). The 
effects of KCI and MgCS 2 were not additive at concentrations 
that gave maximal stimulation alone (Table II). 

Isoelectric Focusing 

Separation of the pH 6.5 and pH 7.5 PCR activities from 
etiolated shoots was attempted by native isoelectric focusing. 
One zone of activity (Rf ~ 0.44, pi 7.8) contained PCR activity 
(Fig. 5). Activity of the reverse PCR reaction (P5C dehydro- 
genase activity, pH 9.5) produced bands of purple precipitate 
in the same region. The results were the same when NADP* 
was the substrate. 

DISCUSSION 

Noguchi etd.{\6) described the localization of PCR activ- 
ity in a chloroplast-enriched fraction from tobacco leaves. 
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Figure 5. PCR activity (O) and pH (•) in 2 "^^L'^Sl 

^toLtric focusing gel . R. = position ol ^fj« e 
fa nosition of a ol marker, methyl red. The general PCR assay was 
£5££ action of 1 'CO tm "iKL ^ w^n^for ^ 
ase activity (pH 9.5). (A) without proline, and (B) with 


a * at. (9), however, found that in soybean nodules, PCR 
localized in the cytosol and not in plastids. The results in 
re I and Table I demonstrate that in green pea leaves 
I is present in chloroplasts, since the <H*^°» "KJ 
dty when leaf protoplasts are fractionated mo^closdy 
-b4es the distribution ofthestomd marker N^P^ose 

-bate dehydrogenase. Most agmficantly, PCR activity 
"most abundant in the same fraction of PercoU gradients 
TPDH. About 25% of the PCR activity measured m 
toplast suspensions (Table 1, column 1) was recovered m 
loroplast suspensions (Table 1, column 2), while the recoy- 
• of intact chloroplasts from protopla^ awroMmately 
to 20% based upon the recovery of NADF-TPDH and 
Because the chloroplast-to-protoplast ratio for PCR ac- 
• » greater than the same ratios for cbloroplast markers, 
s that PCR in plastids can account for all of the pea 
„ K activity. This distribution contrasts with the local- 
i of PCR activity in the cytosol of soybean rootnodules 
•PCR from pea leaf chloroplasts uses both NADH and 
>PH as electron donors, but has a lower X» and higher 
for NADPH. Thus, like PCR from b^ey (10) and 
leaves (16), it is more active with NADPH. in* 
r is consistent with the chloroplast localization of this 
, although the enzyme from soybean root nodules is 
more active with NADPH except at very high cofactor 

»trations(9). . 
diminary evidence indicates that PCR is present in etio- 
: from etiolated pea shoots. Although PCR from etiolated 
" has a lower K m for NADPH than for NADH, its rw 
with the two cefaclors indicates that it is more active 
H than with NADPH. Thus, the most abundant 
the enzyme in etiolated shoots may be different from 
leaves. 


The bimodal pH curve for pea PCR « analogous to that 
reported previously for PCR in extracts from etiolated tartey 
vulgar!)*** etiolated mungbean ( «X 
both of which give broad pH-activity curves wrth optima or 
shouloeR at pH 6.4 and 8.0 (4). The bimodal pH curve was 
cSmd when NADPH was used as the cofactor The 
pH7 mfnimum is not an artifact, because the pH profile was 
reproducible with batches of MMT buffer pr^three 
different times. The bimodal curve could be produced bya 
slnSzyme or two isoforms. If there are two forms in green 
Hv"bXre probably present in chloroplasts. The ratio* 
Se dH 6 5 to pH 7.5 activities in chloroplast-ennched prep- 
Sons was S,ual to the ratio in whole etiolated shoot 
tracts. PCR in whole protoplast extracts ;from green <*ves 
produced a broad pH curve. Activities at pH 6.5 and 73 were 
SmTlar (data not shown), as in the chloropto-ennchedl frac- 
tion and in etiolated shoots. There was no minimum apparent 
a\ pH7 0, but the enzyme was difficult to assay precisely, m 
who" protoplast extracts because of its low ^ actmty Th* 
investigation focused on the PCR activity with the pH 7.5 

^"native isoelectric focusing gel revealed only one retfon 
of PCR activity, with a pi of 7.8; the same pattern of PCR 
activity w* dieted with NADH and NADPH Thus, it 
2 that if there are to isoenzymes n etiolated shoo* 
£££ve the same pi. An alternative explanation « thatone 
of the isoenzymes is inactivated during native ^Jctnc 
fusing. TmTactivity does not represent the activity of 
rntiochondrial proline dehydrogenase: the imtochondnal pro- 
SSStaJL* b not active at pH 9.5 <£ and it d<£ not 
donate electrons to NAD*. The genetic baas for the pH 
dependence of PCR activity remains uncertain. 

The stimulation of PCR by sahs is unclear but it appears 
to be a function of ionic charge. Because potation 
concentrations in chloroplasts are «•* ««d 100 mM 
the enzyme should be fully active in vivo. Changes 
pH bXn light and dark occur in the range U^at includes 
Sie PH optima observed in this work. Stromal pH n thedark 
S aSproxImately 7, corresponding to the trough » , activtr, 
Srbmal pH approaches 8 in the light, so that the pH 7.5 
Sty Unction in the light. Proline > synthesjs <*cu* 
in leaves in both Ught and darkness (6, 16, 17, 23), but is 

pSL as a redox shuttle molecule has been 
cstabfcbed lr*>me mammalian tissues (20) and has been 
pt^eTfor nitrogen fixing nodules (9). The of 
Lhasnuttle mechanism in leaves needs to ^ 'nvestigated. 
K, a shuttle operates in leaves under unstressed condi- 
tio^ tnen ^ locSation of PCR in <**g«^ 
function to transport reducing potential to n^hemdm » 
the form of proline. To test such a redox sbuttie hypoAes^ 
a mechanism that transports proline across jhedJoroplast 
envelope needs to be identified. An uncoupled redox shuttk 
SL would contribute to proUne accurnulation. If 
water deficit caused such a shuttle to become uncoupled by 
decreasing proline oxidation without decreasing proline syn- 
U^nen Proline accumulation could be a = orn of 
Sohc dysfunction. Because prohne has bio^mpatibk 
characteristics and proline accumulation is not tone, metab- 
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olism may be temporarily shunted in this direction until 
homeostasis is regained. 

Since the product of P5C reductase is proline, the results of 
this investigation provide evidence that, like many other 
amino acids, proline is synthesized in chloroplasts. It will be 
of considerable interest to determine whether the enzymes 
catalyzing conversion of glutamate to P5C have the same 
subcellular location. 
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ttro Arabidopsis thaliana (L) Heynh. proline can account for up 
to 20% of the free amino acid pool after salt stress. Proline 
accumulation occurs in plants mainly by de novo synthesis from 
glutamate. The last step of the proline biosynthetic pathway is 
catalyzed by pyrroline-5-carboxylate (P5C) reductase. A gene {AT- 
P5C1) encoding this enzyme Sn A. thaliana has been cloned and 
sequenced. Expression of AT-PSC1 in Escherichia cotf resulted in 
the complementation of a proC mutant to prototrophy. A compar- 
ison of the AT-P5C1 primary and secondary structures with those 
of six P5C reductases of other organisms is presented. With the 
exception of several functionally important amino acid residues, 
little conservation in the primary structure is seen; much greater 
similarity exists in the putative secondary structure. The AT-P5C1 
protein is probably cytosolic. Under normal growth conditions, the 
P5C reductase mRNA level was significantly higher in roots and 
ripening seeds than in green tissue. A salt treatment of A. thaliana 
plants resulted in a 5-fold induction of the AT-P5C1 transcript, 
suggesting osmoregulation of the AT-P5C1 promoter region. More- 
over, a time-course experiment indicated that this induction pre- 
cedes proline accumulation. 


Osmotic stress is a very common problem in agriculture. 
The most important osmotic stresses in agriculture are 
drought and high salinity. Free Pro accumulates in response 
to osmotic stress in a wide variety of organisms (Yancey et 
al., 1982): in protozoa (Kaneshiro et aL, 1969; Poulin et aL, 
1987), eubacteria (Csonka and Hanson, 1991), marine inver- 
tebrates (Burton, 1991), algae (Schobert, 1977; Brown and 
Hellebust, 1978), and higher plants (reviewed by Aspinall 
and Paleg, 1981). Different roles have been proposed for Pro 
accumulation as an adaptive response; it has been suggested 
that Pro may function as an osmoticum (Wyn Jones et al., 
1977), a sink of energy and reducing power (Blum and 
Ebercon, 1976), a nitrogen storage compound (Ahmad and 
Hellebust, 1988), a hydroxy-radical scavenger (Smirnoff and 
Cumbes, 1989), a compatible solute that protects enzymes 
(Schobert and Tschesche, 1978; Paleg et al, 1981, 1984), and 
a means of reducing the acidity (Venekamp et al., 1989). It 
may also play a role in the regulation of cellular redox 
potentials (Saradhi and Saradhi, 1991), as in animal cells 
(Phang, 1985). Whereas Pro accumulation is a primitive 
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response to osmotic stress, conserved through evolution in 
both prokaryotes and eukaryotes, the sources of this accu- 
mulation seem to be different. 

In eubacteria, Pro accumulation occurs via enhanced up- 
take. In enterobacteria, neither the synthesis nor the catabo- 
lism of Pro is subject to osmotic control (Csonka, 1988). 
These organisms depend on exogenous Pro for an osmopro- 
tectant. Enhanced uptake occurs via de novo transcription of 
the Pro permease-encoding operons proP and proll (Csonka 
and Hanson, 1991). However, some data suggest that Brevi- 
bacterium lactofermentum (Kawahara et aL, 1989, 1990) and 
Bacillus subtilis (Whatmore et al., 1990) could synthesize 
Pro under osmotic stress when Pro is not present in the 
environment. 

In eukaryotes, and specifically in higher plants in which 
the problem is best documented, the main experimental 
approaches have been physiological. The mechanisms by 
which Pro accumulates are mainly de novo synthesis from 
glutamate (Morris et aL, 1969; Boggess et aL, 1976; Wang et 
aL, 1982; Badzinski Buhl and Stewart, 1983; Rhodes et al., 
1986; Venekamp and Koot, 1988; Venekamp et al., 1989) 
and, to a lesser extent, a stress-induced decrease in protein 
incorporation (Dungey and Davies, 1982), inhibition of Pro 
oxidation (Stewart et al., 1977), and enhanced proteolysis 
(Thompson et aL, 1966). The Pro biosynthetic pathway is 
poorly known in higher plants and is thought to occur as in 
microorganisms, from glutamate via three enzymic steps. 

P5C reductase (L-Pro:NAD[P]-5-oxido-reductase; EC 
1 .5.1.2) catalyzes the last step of the synthesis, the reduction 
of pyrroline-5-carboxylic acid to Pro. P5C reductase is the 
last enzyme in the Pro biosynthetic pathway in plants. This 
enzyme has been purified from Hordeum vulgare (Krueger et 
aL, 1986), Nicotiana tabacum (LaRosa et aL, 1991), and Glycine 
max (Chilson et aL, 1991). Studies in higher plants have 
focused on the role played by P5C reductase in osmoregula- 
tion. An enhancement of its activity has been found in salt- 
stressed Pennisetum typhoides (Huber, 1974), Mesembryanthe- 
mum nodiflorum (Treichel, 1986), and Chlorella autotrophica 
(Laliberte and Hellebust, 1989) and in water-stressed barley 
(Argandona and Pahlich, 1991). Even if P5C reductase does 
not catalyze the rate-limiting step of the Pro biosynthetic 
pathway (LaRosa et aL, 1991), its activity is osmoregulated 
concomitantly with Pro accumulation. The plant cDNA-en- 
coding P5C reductase has been cloned from soybean nodules 


Abbreviations: ATCC, American Type Culture Collection; CHX, 
cydohexinude; COR, cordycepin; CRE, cAMP-regulated enhancer; 
P5C, pyrroline-5-carboxylate. 
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(Delauney and Verma, 1990). After osmotic stress, the P5C 
reductase mRNA level was shown to increase, suggesting 
that transcription of the P5C reductase gene might be os- 
moregulated (Delauney and Verma, 1990). In Arabidopsis 
thaliana, genes and enzymes involved in the Pro biosynthesis 
pathway are not known, despite their role in osmoregulation. 

In this paper, we describe the cloning of a P5C reductase 
gene (AT-P5C1) and the corresponding cDNA in A. thaliana 
and the expression pattern of AT-P5C1 in normal and stressed 
plant tissues. 

MATER DALS^ AND METHODS 

Plant Growth Conditions 

Seeds of Arabidopsis thaliana (L.) Heynh. ecotype Lands- 
berg erecta or Bensheim were surface sterilized by dipping in 
5% calcium hypochlorite for 10 min, followed by rinsing 
several times in water. Seeds were put on modified Murashige 
and Skoog medium (Kl medium) (Murashige and Skoog, 
1962) containing Murashige and Skoog salts and vitamins, 
1% Sue, and 0.8% agar (Difco) in Petri dishes. Growth 
took place in a culture chamber (16-h photoperiod, 21°C, 
50% RH). 

Stress Treatments 

Salt induction experiments were performed with 10-d-old 
plandets, which were taken from the solid agar medium and 
put in liquid culture medium containing 0, 0.5%, and 1% 
NaCl (0, 86, and 171 mM). At that stage of root development, 
plants can be taken out of the agar without wounding. After 
incubation, samples were briefly dried on Kleenex paper and 
stored at — 70°C before analysis. 

Measurement of Water Content 

To determine the water content, plant samples were 
weighed and dried at 80°C during 24 h. The weight differ- 
ence was considered to be the water content, expressed as 
percentage of fresh weight (=100%). 

Ammo Acid Extract and Analysis 

Plantlets were analyzed by homogenizing 100 to 200 mg 
of material with a mixture of methanol:chloroform:water 
(12:5:2) (Bieleski and Turner, 1966). Chi was recovered by 
adding 2 volumes of chloroform and 1 volume of water to 
the extract. The aqueous layer was taken and completely 
evaporated. The residue was redissolved in 6 n HC1 and 
hydrolyzed for 2 h under vacuum at 110°C After evapora- 
tion at 85°C, the extracts were subsequently resuspended in 
the loading buffer (0.2 m Na-citrate, pH 2.2) and analyzed in 
an amino acid analyzer (Biotronik LC 5001). 

Dsobtion of A7-P5C1 Genomic Clones 

Genomic DNA of A thaliana ecotype Landsberg was ex- 
tracted according to the method of Dellaporta et al. (1983). 
For the first polymerase chain reaction amplification, 200 ng 
was used in a SO-pL mixture containing 50 irtM KC1, 10 mM 
Tris-HCl (pH 8.3), 1.5 mM MgClj, all four deoxynucleotide 


triphosphates (0.2 mM each), 150 ng of each primer, and 2.5 
units of Taq polymerase. The primers were 5'-G ACTGCAG- 
TIATGCCIAAYACICCIGC and 5 ' - AG CTGCAG IAATIG- 
TIGTICCICCIGG, where Y is C or T, and I is inosine. Psfl 
sites are underlined. Thirty-five cycles at 94°C for 30 s, 46°C 
for 30 s, and 72°C for 60 s and a final extension for 5 min 
were performed. Because the yield was not sufficient, 10% 
of the volume was reamplified during 30 cycles under the 
same conditions as mentioned above and run on gel (1% 
low-melting point agarose). Two fragments of 320 and 730 
bp were amplified and eluted from the gel using the 
GeneClean kit (Qiagen), digested with Pstl, and subcloned 
into pUC19. Clones were sequenced by the dideoxynucleo- 
nde method of Sanger et al. (1977). Only the 730-bp-long 
fragment contained significant similarity with known de- 
duced P5C reductase sequences, and it was labeled by ran- 
dom priming and used to screen both a genomic and a cDNA 
bank. Thirty thousand clones (five genome equivalents) from 
an A. thaliana ecotype Landsberg erecta genomic bank in 
vector X Charon 35 (a kind gift of Dr. D. Jofukuj were 
screened according to the method of Maniatis et al. (1982). 
Fifty thousand clones from an A thaliana ecotype Landsberg 
erecta cDNA bank in vector Xgtl 1 (purchased from Clontech) 
were screened according to the Amersham protocol. Hybrid- 
ization and washes were carried out at 65°C. 

Subcloning and DNA Sequence Analysis 

cDNA inserts were subcloned as EcdRl fragments in 
pUC19. The two longest inserts gave rise to the pcP5CR5 
and pcP5CR9 plasmids. Two genomic fragments, a 5.5-kb 
BgJII fragment containing the entire coding sequence of AT- 
P5C1 and a 4.6-kb EcoRI fragment, were subcloned in pUC19 
and sequenced with internal primers (Sanger et al., 1977). 

Genomic DNA Analysis 

Preparation of total DNA was as described by Dellaporta 
et al. (1983), followed by a CsQ gradient. DNA (2 /ig) was 
digested and separated on a 0.9% agarose gel. The DNA gel 
was blotted onto Hybond-N (Amersham), and the probe was 
labeled by random priming according to the manufacturer's 
protocol. The probe used was a 0.8-kb Hae¥H-Pst\ fragment 
of the pcP5CR5 plasmid. Hybridization was carried out at 
55°C in 5X SSC, 0.5% SDS, 5x Denhardt's solution (1 X SSC 
is 0.15 m NaCl 0.015 m Na 3 -citrate, pH 7.0; IX Denhardt's 
solution is 0.02% BSA, 0.02% FicoD, 0.02% PVP). 

imRNA Analysis 

Total RNA was isolated from roots, stems, leaves, seeds, 
and flowers of in vitro-grown plants as described by Maniatis 
et al. (1982). RNA (12 /ig) was electrophoresed on' 1.5% 
agarose gels containing formaldehyde (6%) and transferred 
in 20x SSPE (3.6 m NaCl, 0.2 m NaPO«, 0.02 m Na 2 -EDTA, 
pH 7.7) to Hybond-N membranes (Amersham). The RNA gel 
blot was hybridized at 42°C for 16 h in 5X SSPE, 0.5% SDS, 
50% (v:v) formamide, 5X Denhardt's solution. The washes 
were at 42°C in 2x SSPE, 0.1% SDS, twice for 10 min, each 
followed by 30 min at 42°C in lx SSPE, 0.1% SDS and 30 
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min at 42°C in 0.5X SSPE, 0.5% SDS. That equal quantities 
of mRNA were loaded was confirmed by hybridization with 
a 25S RNA probe (pBS[IJKS + plasmids containing rDNA; 
Bauwens et al., 1991). 

Secondary Structure Prediction 

Secondary structure predictions were based on four differ- 
ent methods: the GOR method (Gamier et al., 1978), the 
homolog method (Levin et al., 1986), the GGBSM method 
(Gascuel and Golmard, 1988), and the method of Rooman 
and Wodak (1988). The methods were applied for each 
protein separately; a residue was considered likely to adopt 
a helical, an extended strand, or a coil conformation when at 
least three methods were in agreement. 

Complementation Experiment 

The Escherichia coli proC mutant ATCC No. 33475 F* thi 
proC leu trp entA (Wayne et al, 1976; E coli Genetic Stock 
Center) was used for the complementation experiment. 
ATCC No. 33475 was transformed by electroporation with 
10 ng of DNA of pcP5CR5, pcP5CR9, or, as control, pUC19. 
After electroporation, 1 mL of SOC medium (Maniatis et al., 
1982) was added, and the cells were incubated at 37°C for 1 
h, pelleted at 500g for 5 min, resuspended in 200 pL of M9 
minimal medium (Maniatis et al., 1982), and plated on solid 
M9 minimal medium containing 100 \i% mL -1 of ampicillin, 
5 mM Leu, and 5 mM Trp. The efficiency of the electroporation 
was estimated to be about 4% by counting colonies on 
mineral medium that also contained 5 rrtM Pro. 

Primer Extension 

Primer extension was performed mainly as described by 
Ausubel et al. (1987). A 36-nucleotide primer in the first exon 
was hybridized against total Arabidopsis RNA (100 ng of 
primer against 50 Mg of RNA). The primer itself was not 
radioactively labeled, but a-^S-dATP was added in the ex- 
tension reaction. 


growth ( FW X ) 


free proline ( % FA ) 
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Figure 1. A, Water content (■), growth {•), and free Pro content 
(A) in 2-week-old A. thaliana plantlets sown in K1 medium contain- 
ing 0, 0.25, 0.5, or 1% (0, 43, 86, or 171 mM) NaCI. The growth is 
expressed as percentage fresh weight (FW %) versus the growth 
without NaCI (=100%); free Pro is expressed as percentage of the 
total free amino acid pool (% FA). B, Time course of Pro accumu- 
lation in 10-d-old A. thaliana plantlets in response to incubation in 
Kl liquid medium supplemented with 0.5% (w/v) NaCI (86 mM) (A) 
and without NaCI (■). Values reported are the averages of three 
replicates each and are expressed as percentage of the total free 
amino acid pool (% FA). Samples contain about 20,000 nmol of 
free amino acid g" 1 fresh weight. 


RESULTS 

Pro Accumulation in A. thaliana during Salt Stress 

Seeds of A thaliana var Bensheim were germinated in the 
presence of increasing concentrations of NaCI (0-1%). 
Growth rate and free Pro content were analyzed 10 d after 
sowing (Fig. 1A). Most seeds did not germinate in the pres- 
ence of 1% NaCI; those that did germinate did not grow. 
Free Pro content increased with the severity of the stress. A 
concentration of 0.5% NaCI was used in all further salt stress 
experiments because (a) there is a 6-fold increase in the Pro 
content, (b) the plant is stressed but can still grow and 
complete its life cycle, and (c) the water content of the plant 
is still high. 

Figure IB shows the time course of Pro accumulation for 
10-d-old plantlets grown previously in Kl medium and sub- 
jected to a 0.5% NaCI stress. Pro begins to accumulate 
significantly after 4 h and reaches a plateau of 13% of the 
total free amino acid pool after about 24 h. 


De Novo Transcription and Translation Are Required for 
Pro Accumulation during Salt Stress 

To measure the influence of de novo transcription and 
translation on Pro accumulation, an experiment was per- 
formed with the translation inhibitor CHX and the transcrip- 
tion inhibitor COR. Ten-day-old plantlets were incubated in 
liquid medium. At time zero, 0.5% NaCI was added to the 
incubation medium. At times —1, +2, +4, +6, and +12 h, 
CHX or COR was added in a concentration of 10 fig mL -1 or 
5 rrtM, respectively. At time 24 h, free Pro concentration was 
measured (Fig. 2). Plants incubated in medium in which CHX 
or COR was added at times -1 and +2 h did not accumulate 
Pro, whereas all other plants did. COR influenced Pro accu- 
mulation even when added after 12 h of incubation, whereas 
CHX did not. This might be due to secondary effects of the 
inhibition. This experiment proves that de novo transcription 
and translation are indispensable during the first 4 h of salt 
stress before Pro begins to accumulate. 


774 


Verbr'uggen et al. 


Plant Physiol. Vol. 103, 1993 


Am 

12 


free proline ( X FA ) 


10 -•• 
B - * 


I 6 
time ( hours ) 


12 -chi/ -chx/ 
-NoCI +NoCl 


Bu 

12 
10 

e 


free proline ( X FA ) 


6 - 
4 -■ 
2 


JL 


12 


time ( hours ) 


-cor/, -cor/ 
-NoCI +NaCt 


Figure 2. Effect of CHX (10 Mg mL" 1 ) (A) and COR (5 mi*) (B) on 
the salt-induced Pro accumulation. At time -1 h, 10-d-old A 
thaliana plantlets were incubated in liquid medium. NaCI was added 
at time zero. Inhibitors were added at the time shown on the 
abscissa. At time 24 h, the samples were harvested and free Pro 
content was determined. Values reported are the averages of three 
replicates each and are expressed percentage of the total free 
amino acid pool (FA %). Controls are samples incubated without 
inhibitor and without salt (-chx/-NaCI; -cor/-NaCI) and samples 
incubated in the presence of salt but without inhibitor (-chx/ 
+NaCI; -cor/+NaCI). 


isolation and Characterization of an Arabidopsis P5C 
Reductase Gene 

To investigate further whether Pro accumulation is a con- 
sequence of de novo transcription of genes in the biosynthetic 
pathway, AT-P5C1, a P5C reductase gene in A. thaliana, was 
cloned. Degenerate primers were chosen from amino acid 
stretches that were conserved among the deduced P5C re- 
ductase sequences of £. colt (Deutch et al., 1982), soybean 
(Delauney and Verma, 1990), and yeast (M.C. Brandriss, 
GenBank accession No. M57886). The first primer was based 
on the peptide sequence VMPNTP, and the second was based 
on the sequence PGGTTI. A polymerase chain reaction (see 
'Materials and Methods') was performed with genomic DNA 
of A thaliana. A 730-bp-long amplified fragment, designated 
P5CR730, was used to screen libraries. 

An A. thaliana Xgtll cDNA bank was screened, and, from 
50,000 recombinant clones, 12 positive clones were obtained. 
The largest inserts (1.1 and 0.9 kb) were cloned in pUC19 to 


give rise to the plasmids pcP5CR5 and pcP5CR9, respectively. 
Their sequences were identical and overlapping: the inte- 
grated 1 .25-kb sequence is shown in Figure 3A. The pdP5CR5 
insert sequence appears to be full length at the 5' end and 
extends 68 bp beyond the putative termination codon (posi- 
tion 2528). The pcP5CR9 insert sequence extends 272 bp 
beyond the putative stop codon, has a short (19 bp) poly(A) 
tail, and starts 104 bp after the putative start codon (position 
1102). Both cDNA 3' ends are downstream from potential 
polyadenylation sites (Dean et al., 1986) (at positions 2578 
and 2730; underlined in Fig. 3A). The 5' end of the mRNA 
was defined by primer extension. The primer used was at 
position 1296 to 1331. The most abundant primer extension 
product suggests a start of transcription at position —127 with 
respect to the first AUG of the mRNA (data not shown). This 
is in agreement with the start of the pcP5CR5 insert (position 
975 in Fig. 3A). The 1. 25-kb AT-P5C1 cDNA sequence con- 
tains an open reading frame encoding a polypeptide of 28,626 
D (276 amino acids) with a calculated isoelectric point of 

8.64. ; 

To determine the structure of the AT-P5C1 gene,; an A. 
thaliana ecotype Landsberg erecta X Charon 35 genomic 
library was screened with P5CR730 as the probe! From 
30,000 recombinant clones (five genome equivalents), 24 
hybridizing plaques were obtained; 6 were further analyzed 
and had an insert greater than 16 kb. From 2 of these, a 5.5- 
kb BglU fragment (designated gP5CR23) and an overlapping 
4.6-kb EcoRI fragment (designated gP5CR22) were se- 
quenced, covering an 8-kb region (Fig. 3B). The 3.14cb se- 
quence presented (Fig. 3 A) covers 1101 bp of the 5' untrans- 
lated region and 570 bp at the 3' end. The sequences of the 
pcP5CR5 and pcP5CR9 inserts fitted perfectly with the de- 
duced exon sequences of the genomic AT-P5C1 sequence. 

The intron/exon structure is presented in Figure 3B. AT- 
P5C1 contains six short introns (81, 93, 125, 115, 78, and 106 
bp). They all contain the GT and AG dinucleotide consensus 
at their respective 5' and 3' ends (Csank et al., 1990). 

The upstream region of AT-P5C1 shows several interesting 
features: a palindromic sequence (positions 722-742 in Fig. 
3A) and a 26-bp element 

(ag^a^ctcgJcagcJ^cccgtctga) 

repeated seven times between the positions 912 and 1089 
(underlined in Fig. 3A). In the last repeat, 4 bp are truncated. 
No significant similarity between the sequence of the t repeat 
and sequences in data banks has been found. Sequences 
identical with the human cAMP-regulated enhancer sites 
(CRE-1), namely 5'-CGTCA-3' (Fink et al., 1988); were 
found six times, at positions 675, 810, 919, 971, 997, and 
1049 (Fig. 3A). A 6-bp sequence identical with the GCN4- 
binding site core 5'-TGACTA-3' (Arndt and Fink, 1986) is 
also present upstream from the transcription initiation site, 
at position 500 (Fig. 3A). 

Homology with Other P5C Reductase Genes 

Homology of the AT-P5C1 cDNA with all known P5C 
reductase cDNA sequences (£. colt, soybean, human, yeast, 
Methanobrevibacter smithii, Pseudomonas) is presented in 
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gatccgattc aatcgcttct egatgagctc cgccatctta tcaacggtcg acatactcca accgacgtte ccgaagctct tttctccctg aaaaagcacg 
ttcaactaag ttatcatact ttccactcat cttctcaacc tcggctcaag atttcgtcta gatcgggcac cgcttgagca atcttgcctc tcaaacagcg 
agctcagcac aaacaccaga gttcaaagca aaaggaacgc ctccttcaaa cgaaacgata actccaataa tgatcattgg cacgcaaaac gcatcggacg 
agttcggaac gctagctcgt tgttcatcac gattaacgec cctcgtctct tccctctccc cctcaaagaa ccactttcga atgactcgaa catcccaact 
cgaacaccag acgaccactt tgatccagga ggctcttcag aaatgcgacg gtcacgcaac agccgaggcg acccttttaa ccttccttgt cgtctcgctt 
gactatcacc gagacagcac attgccgtaa tagcagccta tactttgata gccacgcgac gtttcgatcc tcgaaccttg agaatcatga aagacaaacc 
aaacattgcg tcttccccat gcgcgacttt tcacttcctt cgattgagtt tcgtgcacct gaaatcctga tccajfgggft caacgatgca tcaggattgg 700 
ggggcaactg ttaggggtcg gattgggcct acttgjgccca atgcccaaac ccaagtcaaa agcccaaaat aagttccaaa ccaaggagta ttaaggcgaa 800 
******** * ****** ** 
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AGTTGAATGA TTTACAGgtt ttgcatcatt tatactccta tacatttgcc atttaagttg tcactatcca tggtgttgca ttgtgagttt ctagagctca 1700 
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DVT SPGG T T I A G V HELE K G S FRA TLHM AVV AAA 
AAACGAAGCC GCGAGCTCTC ACAGAGCTAA ATCATACATA TGTAGTTGCT GC1ATTGTTT CACCTCACAG ATTAATCAAA_ATAAGGGTTA TGGGCCTTAT 2600 
KRSR ELS OS- 

GGCATTGCTT GTTTTTAGGC GAGAGTTTTA TCCCACTTGT CTTCGATGGT AGAGGTGAAG ATTATTTATC TAGACTATGA TGTATTAGTT CAGACAGAAC 2700 
TCAGATACTT TTCTATAATT CTTAATCTA A TAAAAA TCAC TTTCAGTTTT GGGTTcaata tctgaccaat aagccaagcc tcggacgtga ttctgattct 2800 
aaaaaaaatc gactaaatta aagaatcttt tactatgagt caaagcttaa tctagagaaa cttcaacgag gaagaagcat agactggcta tctatttaat 2900 
gatcactgaa tcttcaaaga atccgaccaa ttttgcatat aaccaaaaga ctcatgacta tcttaccaaa tcttggtata gaatatatac acataagaaa 3000 
aagaaacaag tactggtagt gaagacagat gagaatccac aaaaagaaaa taacccagaa agaagccaag atttttcata cacgaacgtt cactcttttt 3100 
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Figure 3. A, Nucleotide sequence of AT-P5C1 and surrounding 5' and 3' regions. The deduced exon sequences are 
shown in uppercase letters and correspond to the cDNA sequences of pcPC5CR5 (975-2596) and pcP5CR9 (1206- 
2755). The deduced amino acid sequence is indicated below the DNA sequence. CRE-1 motifs are shaded, the 
palindrome is in boldface with asterisks, and the GCN4 motif is in boldface (500-505). The putative transcription start 
(975) is indicated by an arrow. The repeated sequences and the putative polyadenylatton signal sequences are underlined. 
B, Genomic organization of the AT-PSC1 and flanking regions (8 kb in total). gP5CR22 and gP5CR23 are the two 
overlapping genomic clones that have been sequenced. The £coRI site present at the 3' sequence is apparently a vector- 
derived cloning site as shown by the Southern blot analysis (Fig. 4). 
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Table L The B. subtilis proC sequence (Lewis and Wake, 1989) 
is not included in the table because it is only partially known. 
The Arabidopsis and soybean sequences are 71.3% identical. 
No comparison between genomic eukaryobc sequences could 
be made, because the A. thaliana genomic sequence is the 
only one available. 

Genomic DNA Analysis 

To determine the sequences related to AT-P5C1 in the 
Arabidopsis genome, total DNA (2 /ig) was digested with five 
different restriction enzymes {BglU, EcoRI, HaelSL, Nhel, and 
Xbal) and subjected to Southern blot analysis using only the 
translated coding sequence of AT-P5C1 (0.8 kb) as a probe. 
With the exception of Xbal, none of the enzymes chosen cut 
in AT-P5C1. After overnight hybridization at 55°C, the blot 
was washed at medium (2x SSC, 0.1% SDS; 55°C) or high 
(O.lx SSC, 0.1% SDS; 65°C) stringency. At medium strin-: 
gency, two types of bands can be seen (Fig. 4 A): the strongly 
hybridizing bands that correspond to the structure of AT- 
P5C1 and less intense bands that almost all disappear when 
the blot is washed at high stringency (Fig. 4B). 

Predicted Primary and Secondary Structure of 
P5C Reductase 

Deduced P5C reductase amino acid sequences from differ- 
ent organisms are aligned in Figure 5; the degree of similarity 
between these sequences is presented in Table L Enzymic 
studies indicate that P5C reductase can use either NADH or 
NADPM as cofactor (Miler and Stewart, 1976; Rossi et al, 
1977; Costilow and Cooper, 1978; Krueger et al., 1986; 
Rayapati et al., 1989). Plant P5G reductase has been reported 
to have a lower K m for NADPH than for NADH. The keys to 
search NADH- and NADPH-binding sites were extracted 
from Branden and Tooze (1991) and from Hanukoglu and 
Gutfinger (1989), respectively. There was no NAD(P)H-bind~ 
ing site consensus that fitted all P5C reductases. Plant and 
human P5C reductase fitted the consensus for the NADPH- 
binding site, whereas the key for NADH-binding site fitted 
with the Saccharomyces cerevisiae and At smithii sequences. 
For other reductases, one (for Pseudomonas) and two (for £ 
coif) mismatches with the NADPH key were found. The 
deduced AT-P5C1 amino acid sequence is very close to that 



Figure 4. Genomic DNA gel blot analysis of A. thaliana. Total DNA 
(2 Mg) was digested with BglU, fcoRI, Haelll, Nhel and Xbal. Hy- 
bridization was done overnight with the translated coding region of 
AT-P5C1 (see "Materials and Methods"). A, Wash performed in 2x 
SSC 0.1% SDS at 55*C Exposure was overnight. B, Wash per- 
formed in 0.1X SSC 0.1% SDS at 65°C. Exposure was for 40 h. 


of soybean (77.7% similarity). Plant P5C reductases have a 
lower similarity when compared to yeast (30.1 and 29.9%) 
than to human (42 and 43.1%) or to £ coli (40.2 and 37.2%) 
when the sequences are aligned by the addition of appropri- 
ate gaps; plant P5C reductases share no significant similarity 
with the At smithii sequence, which is also very far from the 
other species. The two bacterial sequences display poor sim- 
ilarity (36.8%), although proC is a housekeeping gene (Savioz 
etal., 1990). 

The predicted secondary structures of the seven known 
P5C reductase sequences are very similar (Fig. 5). They 


Table I. Identity (%)ofthe nucleic acid (NA) and deduced amino acid (AA) sequences of AT-P5C1 
with other P5C reductase cDNAs according to PC/GENE 

A, A. ihaliana; E, £. coli (Deutch et al., 1982); H, H. sapiens (Dougherty et al., 1992); M, M. smithii 
(Hamilton and Reeve, 1985); ?, K aeruginosa (Savioz et al., 1990); S, C. max (Delauney and Verma, 
1990); Y, 5. cerevisiae (M. C. Brandriss, CenBank accession No. M57886). 
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Figure 5. Comparison of the deduced P5C reductase amino acid sequence of AT-P5C1 with that of £. coli (Deutch et 
al., 1982), soybean (Delauney and Verma, 1990), human (Dougherty et al„ 1992), P. aeruginosa (Savioz et al., 1990), 5. 
cerevisiae (M.C. Brandriss; CenBank No. M57886), M. smithii (Hamilton and Reeve, 1985). Alignment was done using the 
Myers and Miller (1988) alignment algorithm program (PC/GENE). The conserved sequence is indicated at the top. Similar 
amino acids are indicated with dots (PC/GENE Program). NAD(P)H-binding sites are boxed. The predicted secondary 
structure is presented as follows: residues in an a-helix (a) are underlined, residues in a 0-strand {0) are in boldface, and 
residues in coil structures (c) are shown against a stippled background. All others are not assigned. 


feature an alternation of a-helices and 0-strands (separated 
by coil regions). This organization is compatible with the 
existence of one or more 0-sheet(s) surrounded by a-helices 
0- Richelle and S. Wodak, unpublished data). Among the 12 
amino acids conserved in all sequences (-4%) (Fig. 5), 11 
residues (4 glycyl, 1 Iysyl, 1 alanyl, 1 leucyl, 2 threonyl, and 
2 prolyl) are present in the predicted coil structure. 

Expression of A7-P5C1 in f. coli 

An E coli Pro auxotroph, ATCC No. 33475, that lacks a 
functional P5C reductase was electroporated with two pUC19 
plasmid derivatives, pcP5CR5 and pcP5CR9, containing Ar- 
abidopsis P5C reductase cDNA inserts (see 'Materials and 


Methods'). Expression of the inserts was under the control 
of the lacZ promoter. This complementation was carried out 
with 10 ng of the pcP5CR5 plasmid and the pcP5CR9 plas- 
mid, which lacks the putative NADPH site; pUC19 was used 
as a negative control. The pcP5CR5 cDNA sequence, but 
not that of pcP5CR9, complemented ATCC No. 33475 
(Fig. 6). This proves that A7VP5C2 encodes a functional 
P5C reductase. 

Tissue-Specific Expression of AT-P5C1 

AT-P5C1 expression was investigated by RNA gel blot 
analysis in different tissues of plants grown under normal 
conditions or with 2 mM Pro. Total RNA from seed, flower, 
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Figure 6, Complementation of E. co/i ATCC 33475, a proC Pro 
auxotroph, with AT-P5C 1 cDNA to prototrophy. ATCC 33475 cells 
eiectroporated with 10 ng of pcP5CR5 (1), 10 ng of pUC19 (2), and 
10 ng of pcP5CR9 (3) and plated on minimal media containing 
ampiciliin, Leu, and Trp. Start and stop indicate translation signals. 


root, stem, and leaf was probed with the AT-P5C1 cDNA 
(Fig. 7A). Under stringent conditions, only one band (1.4 kb) 
was visible. In plants grown under normal conditions, a 
decreasing expression is found in the following order: seeds 
> roots > flowers > stems =» leaves (Fig. 7 A). The expression 
pattern shown in Figure 7 A is only that of AT-P5C1. Under 
stringent conditions, the pattern of expression is the same 
using the entire coding sequence or the 3' trailer, which is 
AT-P5CI specific (data not shown). In plants grown in the 
presence of Pro, AT-P5C1 expression is not repressed as in E. 
colt (Rossi et al., 1977) (Fig. 7A). 


Expression oiAT-P5C1 under Salt Stress 

Figure 7B shows AT-P5C1 expression during the first 4 h 
of salt stress. Ten-day-old plants, previously grown in Kl 
medium, were iricubated for different times in Kl supple- 
mented with 0.5% NaCl. The level of AT-P5C1 transcripts 
already started to increase after 15 min of incubation; 3 h 
after the beginning of salt stress, the amount was about the 
same as in total RiNA of 10-d^old plants grown in Kl medium 
supplemented with 0.5% NaCl. 

An RNA gel blot analysis was performed with RNA from 
3-week-old plants sown in Kl mineral medium with or 
without 0.5% NaCl. At-PSCl cDNA (pcP5CR5 EcoRI insert) 
was used as probe. In the presence of 0.5% NaCl, the RNA 
abundance in leaves and ! roots increased 5- and 2-fold, re- 
spectively (Fig. 7C). , 

DISCUSSION 

Free Pro accumulation is a widely observed response to 
osmotic stress. In Arabidopsis, accumulation of Pro occurs 
after salt stress; (NaCl) and can reach 20% of the total free 
amino acid pool (in the presence of 0.75% NaCl) (Fig. 1A). 
Whatever the precise role(s) of Pro during osmotic stress, it 
must be important or otherwise natural selection would have 
occurred against such an energy-intensive process. Consid- 
ering Pro accumulation merely as a symptom of stress would 
be an oversimplification. 

In plants, Pro accumulation has been reported to be due 
primarily to de novo synthesis from glutamate. Experiments 
using CHX and COR show that de novo transcription and 
translation are indispensable in the first 4 h of the stress for 
Pro accumulation to occur (Fig. 2). To determine to what 
extent salt-induced transcription of Pro biosynthetic enzyme- 
encoding genes could be involved in Pro accumulation in 
Arabidopsis, AT-P5C1 was cloned; it encodes a functional 
enzyme, since upon expression in E. coli, AT-PSC1 cDNA 
complemented a proC mutant (Fig. 6). 

The 5' untranslated region of AT-P5C1 shows several 


3 weeks 
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+ NaCl 0.5%(h) 




Rgure 7. RNA gel blot analysis. Exposure was overnight with flash-sensitized film. The AT-P5C 1 cDNA was used as a 
probe. A, RNA was extracted from ripening seeds and flowers of mature plants, root, stem, and leaves of 3-week-old 
plants ©-own without or with 2 mM Pro (+PRO). B, RNA was extracted from 10-d-old piantlets grown on Kl medium and 
then incubated for varying times (h) in liquid Kl medium supplemented with 0.5% NaCl or from piantlets in K1 + 0.5% 
NaCl (0.5% NaCl) for 10 d and hybridized with A T-P5C I cDNA probe (a) or 25S RNA probe (b). C, RNA was extracted 
from 3-week-old plants grown on Kl mineral medium without and with 0.5% NaCl. L, Leaf; R, root. 
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potential regulatory sites (Fig. 3A): a palindromic sequence, 
a GCN4-analogous binding site motif, and a 26-bp element 
repeated seven times. Sequences identical to the human CRE- 
1 sites have also been found six times in the 5' untranslated 
AT-P5C1 region. Further experiments are needed to inves- 
tigate their possible role in the regulation of AT-P5C1 
expression. 

Genomic hybridization suggested the existence of different 
;4T-P5Cl-related genes (Fig. 4A), none of which is very 
closely related to AT-PSC1 (Fig. 4B). Most of the amino acid 
biosynthetic enzymes examined are encoded by multiple 
genes (reviewed by Coruzzi, 1991). The AT-P5C1 protein is 
most probably cytosolic: the N terminus is very similar to 
that of prokaryotic proC sequences and the yeast N-terrninal 
PROS sequence (Fig. 5); there is no structural similarity with 
the consensus chloroplast target sequence (von Heijne et al., 
1989). However, the existence of P5C reductase isoenzymes 
has recently been demonstrated in soybean (Szoke et aL, 
1992). 

A comparison of known P5C reductase sequences at the 
nucleic acid and deduced amino acid levels revealed interest- 
ing features. Except between A. thaliana and soybean, P5C 
reductase sequences show less identity at the amino acid level 
than at the nucleic acid level (Table I). Only some (4%) 
functionally or structurally important sites are conserved 
among the seven deduced P5C reductase amino acid se- 
quences and are present in predicted coil structures. All of 
the secondary structure predictions for the different P5C 
reductases are 0-sheet(s) surrounded by a-helices, which are 
thermodynamicaily stable structures (Fig. 5). 

The expression of AT-P5C1 was studied by RNA gel blot 
analysis in different tissues and under salt stress. The expres- 
sion is complex and is regulated at different levels: AT-P5C1 
is differentially expressed in organs and with the life cycle 
(data not shown) and can be induced by salt treatment. 

AT-P5C1 transcripts are more abundant in roots compared 
to leaves, although free Pro content is higher in the leaves 
compared to roots (Fig. 7A; A thaliana, N. Verbruggen, 
unpublished data; sunflower, Golan-Goldhirsch et al., 1990). 
This apparent contradiction between the amount of AT-P5C1 
transcript and the free Pro content can have different expla- 
nations; for example, it may be that AT-P5C1 is not the only 
P5C reductase in the leaves or that chloroplastic P5C reduc- 
tase is the more active one, as in pea leaves (Rayapati et al., 
1989). Posttranscriptional regulation or a mechanism to trans- 
port Pro from roots to leaves could also be postulated. 

The amount of AT-P5CI mRNAs is higher in flowers than 
in leaves (Fig. 7A) and free Pro accumulates more in flowers 
than in leaves of flowering plants (5.2% of the total free 
amino acid pool versus 0.5%) (N. Verbruggen, unpublished 
data). These observations support the idea that Pro is likely 
to play a role in flower development as suggested by Vansuyt 
et al. (1979), Mutters et al. (1989), and Walton et al. (1991). 
Furthermore, AT-P5C1 transcripts are very abundant in rip- 
ening seeds, which have to face drought stress. This corrob- 
orates with the high free Pro content found in A. thaliana 
(8% of the total amino acid pool) (N. Verbruggen, unpub- 
lished data) and in Vicia faba seeds (Venekamp and Koot, 
1988). 

AT-P5C1 is expressed more in salt-stressed Arabidopsis 


plants (Fig. 7, B and C). Induction of AT-P5C1 transcript is 
already visible 15 min after the beginning of salt stress (Fig. 
7B), and the increase in the amount of AT-P5C1 transcript 
levels off after 3 h (Fig. 7B). It takes more time for Pro 
accumulation to occur (between 2 and 4 h) in salt-stressed 
(0.5% NaCl) A thaliana plantlets (Fig. IB). This AT-P5C1 
mRNA increase is more pronounced in leaves than in roots 
(Fig. 7C). Free Pro accumulates more in the leaves, where it 
serves as cytosolic osmotic solute. Under normal growth 
conditions, roots already have to face osmotic problems; 
therefore, we can imagine that the salt induction of cytosolic 
P5C reductase mRNA is higher in leaves. 

The transcription of AT-P5C1 should be studied under 
other stress situations in which Pro has been reported to 
accumulate: cold (Havaux and Lannoye, 1982)/ gas pollution 
(Anbazhagan et al, 1988), nutrient deficiencies (Savitskaya, 
1976), low pH (International Rice Research Institute, 1973), 
and the presence of heavy metals (Saradhi and Saradhi, 
1991). According to the theory that Pro is an effective hy- 
droxyl radical scavenger (Smirnoff and Cumbes, 1989), its de 
novo synthesis should be expected upon oxidative stress. 

All of the physiological observations concerning Pro ac- 
cumulation cannot be interpreted by the study of AT-P5C1 
alone. Further investigations will be carried out to study the 
other genes of the Pro biosynthetic pathway. 

ACKNOWLEDGMENTS 

The authors wish to thank Dr. Jean Richelle for secondary structure 
predictions, Dr. Brandriss for providing the yeast sequence prior to 
publication, Luc Van Wiemeersch and Jeroen Coppieters for com- 
puter analysis, Dts. Jan Leemans and Tom Gerats for critical reading 
of the manuscript, Martine De Cock for typing it and helpful sug- 
gestions, and Karel Spruyt and Vera Vermaercke for figures and 
photographs. N.V. was a Research Assistant of the National Fund 
for Scientific Research (Belgium). 

Received January 21, 1993; accepted June 25, 1993. 
Copyright Clearance Center: 0032-0889/93/103/0771/11. 
The GenBank accession number for the sequence described in this 
article is M76538. 

WTERATURE CDTED 

Ahmad h Hellebust JA (1988) The relationship between inorganic 
nitrogen metabolism and proline accumulation in osmoregulatory 
responses of two euryhaline microalgae. Plant Physiol 88: 
348-354 

Anbazhagan M, Krishnamurthy R, Bhagwat KA (1988) Proline: an 

enigmatic indicator of air pollution tolerance in rice cultivars. J 

Plant Physiol 133: 122-123 
Argandona V, Pahlich IE (1991) Water stress on proline content 

and enzyme activities in barley seedlings. Phytochemistry 30: 

1093-1094 

Arndt K, Fink GR (1986) GCN4 protein, a positive transcription 
factor in yeast, binds general control promoters at all 5' TGACTC 
3' sequences. Proc Natl Acad Sri USA 83: 8516-8520 

Aspinall D, Paleg LG (1981) Proline accumulation: physiological 
aspects. In LG Paleg, D Aspinall, eds, The Physiology and Bio- 
chemistry of Drought Resistance in Plants. Academic Press, Sid- 
ney, pp 205-241 

Ausubel FH Brent R, Kingston RE, Moore DD, Seidman JG, 
Smith J A, Struhl K (1987) Current Protocols in Molecular Biology 
1987-1988. Greene Publishing Associates & Wiley-Interscience, 
New York 


780 


Verbruggen et al. 


Plant Physiol. Vol. 103, 1993 


Badzinski Buhl R Stewart CR (1983) Effects of Nad on proline 
synthesis and utilization in excised barley leaves. Plant Physiol 72: 
664-667 

Bauwens S, Van Oostveldt P, Engler G, Van Montagu M (1991) 
Distribution of the rDNA and three classes of highly repetitive 
DNA in the chromatin of interphase nuclei of Arabidopsis ihaliana. 
Chromosoma 101: 41-48 

Bieleski RL, Turner NA (1966) Separation and estimation of amino 
acids in crude plant extracts by thin-layer electrophoresis and 
chromatography. Anal Biochem 17: 278-293 

Blum A, E hereon A (1976) Genotypic responses in sorghum to 
drought stress. III. Free proline accumulation and drought resist- 
ance. Crop Sci 16: 428-431 

Boggess SF, Stewart CR, Asplnall D, Paleg LG (1976) Effect of 
water stress on proline synthesis from radioactive precursors. Plant 
Physiol 58: 398-401 

Branden C, Tooze J (1991) Introduction to Protein Structure. Gar- 
land, New York 

Brown LH Hellebust JA (1978) Sorbitol and proline as intracellular 
osmotic solutes in the green alga Stichococcus bacillaris. Can J Bot 
56: 676-679 

Burton RS (1991) Regulation of proline synthesis in osmotic 
response: effects of protein synthesis inhibitors. ) Exp Zool 259: 
272-277 

Chilson OP, Kelly-Chilson AE, Siegel NR (1991) PyrroIine-5- 
carboxylate reductase in soybean nodules: isolation/partial primary 
structure/evidence for isozymes. Arch Biochem Biophys 288: 
350-357 

Coruzzi GM (1991) Molecular approaches to the study of amino 
add biosynthesis in plants. Plant Sci 74: 145-155 , 

Costilow RN, Cooper D (1978) Identity of proline dehydrogenase 
and Al-pyrroline-5-carboxylic acid reductase in Clostridium spo- 
rogenes, J Bacterid 134: 139-146 

Csank C, Taylor FM, Martindale DW (1990) Nuclear pre-mRNA 
introns: analysis and comparison of intron sequences from Tetra- 
hymena thermophila and other eukaryotes. Nucleic Acids Res 18: 
5133-5141 

Csonka LN (1988) Regulation of cytoplasmic proline levels in Sal- 
monella typhimurium: effect of osmotic stress on synthesis, degra- 
dation, and cellular retention of proline. J Bacteriol 170: 2374-2378 

Csonka LN, Hanson AD (1991) Prokaryotic osmoregulation: ge- 
netics and physiology. Annu Rev Microbiol 45: 569-606 

Dean C, Tamald S, Dunsmui* P, Favreau M, Katayama C, Dooner 
H, Bedbrook J (1986) mRNA transcripts of several plant genes are 
polyadenylated at multiple sites in vivo. Nucleic Acids Res 14: 
2229-2240 

Delauney AJ, Verma DPS (1990) A soybean gene encoding A 1 - 
pyrroline-5-carboxylate reductase was isolated by functional com- 
plementation in Escherichia coli and is found to be osmoregulated. 
Mol Gen Genet 221: 299-305 

Dellaporta SL, Wood J, Hicks JB (1983) A plant DNA miniprepar- 
ation: version II. Plant Mol Biol Rep 1: 19-21 

Deutch AH, Smith CJ, Rushlow KE, Kretschmer PJ (1982) Esche- 
richia colt A'-pyrroline-S-carboxylate reductase: gene sequence, 
protein overproduction and purification. Nucleic Adds Res 10: 
7701-7714 

Dougherty KM, Brandriss MC VaUe D (1992) Cloning human 
pyrroIine-5-carboxylate reductase cDNA by complementation in 
Saccharomyces cerevisiae. J Biol Chem 267: 871-875 

Dungey NO, Davies DD (1982) Protein turnover in isolated barley 
leaf segments and the effects of stress. J Exp Bot 33: 12-20 

Fink JTS, Verhave H Kasper S, Tsukuda T, Mandel G, Goodman 
RH (1988) The CGTCA sequence motif is essential for biological 
activity of the vasoactive intestinal peptide gene cAMP-regulated 
enhancer. Proc Natl Acad Sci USA 85: 6662-6666 

Gamier J, Osguthorpe DJ, Robson B (1978) Analysis df the accuracy 
and implications of simple methods for predicting the secondary 
structure of globular proteins. J Mol Biol 120: 97-120 

Gascuel O, Golmard JL (1988) A simple method for predicting the 
secondary structure of globular proteins: implications and accu- 
racy. Comput Appl Biosci 4: 357-365 

Golan-Goldhirsch A, Hankamer B, Lips SH (1990) Hydroxyproline 


and proline content of cell walls of sunflower, peanut and cotton 

grown under salt stress. Plant Sci 69: 27-32 
Hamilton PT, Reeve JN (1985) Structure of genes and an insertion 

element in the methane producing archaebacterium Methanobrev- 

ibacter smithil Mol Gen Genet 200: 47-59 
Hanukoglu I, Gutfinger T (1989) cDNA sequence of adrenodoxin 

reductase. Identification of NADP-binding sites in oxidoreduc- 

tases. Eur J Biochem 180: 479-484 
Havaux M, Lannoye R (1982) Changements biochimiques observes 

pendant I'adaptation au froid de l'orge. Agronomie 2: 923^930 
Huber W (1974) Uber den Einflutf von NaQ- oder Absdsinsaure- 

behandlung auf den Proteinmetabolismus und einige weiter En- 
zyme des Aminosaurestoff wechsels in Keimlingen von Pennisetum 

typhoides. Planta 121: 225-235 
International Rice Research Institute (1973) Proline as an Index of 

Stress, Annual Report 1973. International Rice Research Institute, 

Los Baftos, Philippines, pp 103-104 
Kaneshiro ES, Holz GG Jr, Dunham PB (1969) Osmoregulation in 

a marine ciliate, Miamiensis avidus. II. Regulation of intracellular 

free amino acids. Biol Bull 137: 161-169 
Kawahara Y, Ohsumi T, Yoshihara Y, Skeda S (1989) Proline in 

the osmoregulation of Brevibacterium tactofermentum. Agric Biol 

Chem 53: 2475-2479 
Kawahara Y, Yoshigara Y, Ikeda S, Hirose Y (1990) Effect of glycine 

betaine, an osmoprotective compound on the growth of Brevibac- 
terium lactofermentum. Appl Microbiol Biotechnol 33: 574-577 
Krueger R, Jager H-J, Hinte M t Pahlich E (1986) Purification to 

homogeneity of pyrroline-5-carboxyIate reductase of barley. Plant 

Physiol 80: 142-144 
Laliberte G, Hellebust JA (1989) Regulation of proline content of 

Chlorella autotropica in response to change in salinity. Can J Bot 

67: 1959-1965 

LaRosa PC, Rhodes D, Rhodes JC, Bressan RA, Csonka LN (1991) 
Elevated accumulation of proline in NaCl-adapted tobacco cells is 
not due to altered A'-pyrroline-S-carboxylate reductase. Plant 

. Physiol 96: 245-250 

Levin JM, Robson B, Gamier J (1986) An algorithm for secondary 

structure determination in proteins based on sequence similarity. 

FEBS Lett 205: 303-308 
Lewis PJ, Wake RG (1989) DNA and protein sequence conservation 

at the replication terminus in Bacillus subtilis 168 and W23. J 

Bacteriol 171: 1402-1408 
Maniatis T, Fritsch EF, Sambiook J (1982) Molecular Cloning, a 

Laboratory Manual. Cold Spring Harbor Laboratory, Cold Spring 

Harbor, NY 

Miler PM, Stewart CR (1976) Pyrroline-5-carboxylic acid reductase 
from soybean leaves. Phytochemistry 15: 1855-1857 ; 

Morris CJ, Thompson JF, Johnson CM (1969) Metabolism of glu- 
tamic add and N-acetylglutamic acid in leaf discs and cell-free 
extracts of higher plants. Plant Physiol 44: 1023-1026 

Murashige T, Skoog F (1962) A revised medium for rapid growth 
and bio assays with tobacco tissue cultures. Physiol Plant 15: 
473-497 

Mutters RG, Ferreira LGR, Hall AE (1989) Proline content of the 

anthers and pollen of heat-tolerant and heat-sensitive cbwpea 

subjected to different temperatures. Crop Sci 29: 1497-1500 
Myers EW, Miller W (1988) Optimal alignments in linear space. 

Comput Appl Biosci 4: 11-17 
Paleg LG, Douglas TJ, van Daal A, Kcech DB (1981) Proline, 

betaine and other organic solutes protect enzymes against heat 

inactivation. Aust J Plant Physiol 8: 107-114 
Paleg LG, Stewart GR, Bradbeer JW (1984) Proline and glycine 

betaine influence protein solvation. Plant Physiol 75: 974-978 
Phang JM (1985) The regulatory functions of proline and pyrroline- 

5-carboxylic add. Curr Top Cell Regul 25: 91-132 
Poulin R, Larochelle J, Hellebust JA (1987) The regulation of amino 

acid metabolism during hyperosmotic stress in Acanthamoeba cas- 

tellanii. J Exp Zool 243: 365-378 
Rayapati PJ, Stewart CR, Hack E (1989) Pyrroline-5-carboxylate 

reductase is in pea (Piswm sativum L.) leaf chloroplasts. Plant 

Physiol 91: 581-586 
Rhodes D, Handa S, Bressan RA (1986) Metabolic changes associ- 


Pyrroline-5-Carboxylate Reductase Gene in Arabidopsis 781 


ated with adaptation of plant cells to water stress. Plant Physiol 
82: 890-903 

Rooman MJ, WodaJk SJ (1988) Identification of predictive sequence 
motifs limited by protein structure data base size. Nature 335: 
45-49 

Rossi JJ, Vender J, Berg CM, Coleman WH (1977) Partial purifica- 
tion and some properties of A 1 -pyrroline-5-carboxylate reductase 
from Escherichia coli. J Bacteriol 129: 108-114 

Sanger F, Nicklen S, Coulson AR (1977) DNA sequencing 
with chain-terminating inhibitors. Proc Natl Acad Sci USA 74: 
5463-5467 

Saradhi A, Saradhi PP (1991) Proline accumulation under heavy 

metal stress. J Plant Physiol 138: 554-558 
Savior A, Jeenes DJ, Kocher HP, Haas D (1990) Comparison of 

proC and other housekeeping genes of Pseudomonas aeruginosa 

with their counterparts in Escherichia coli. Gene 86: 107-111 
Savitskaya NN (1976) On the physiological role of proline in plants. 

Biol Nauki 19: 49-61 
Schobert B (1977) The influence of water stress on the metabolism 

of diatoms. II. Proline accumulation under different conditions of 

stress and light. Z Pflanzenphysiol 85: 451-461 
Schobert B, Tschesche H (1978) Unusual solution properties of 

proline and its interaction with proteins. Biochim Biophys Acta 

541: 270-277 

Smirnoff N, Cumbes QJ (1989) Hydroxyl radical scavenging activity 
of compatible solutes. Phytochemistry 28: 1057-1060 

Stewart CR, Boggess SF, Aspinall D, Paleg LG (1977) Inhibition of 
proline oxidation by water stress. Plant Physiol 59: 930-932 

Szoke A, Miao G-H, Hong Z, Verma DPS (1992) SubceUular loca- 
tion of A 1 - pyrroline-5 -carboxy la te reductase in root/nodule and 
leaf of soybean. Plant Physiol 99: 1642-1649 

Thompson JF, Stewart CR, Morris CJ (1966) Changes in amino acid 
content of excised leaves during incubation. I. The effect of water 
content of leaves and atmospheric oxygen level. Plant Physiol 41: 
1578-1584 

Treichel S (1986) The influence of NaCl on A^pyrroline-S-carbox- 


ylate reductase in proline-accumulating cell suspension cultures of 
Mesembryanlhemum nodiflorum and other halophytes. Physiol 
Plant 67: 173-181 
Vansuyt G, Vallee J-C, Prevost J (1979) La pyrroline-5-carboxylate 
reductase et la proline dehydrogenase chez Nicotiana tabacum var. 
Xanthi n.c. en fonction de son developpement. Physiol Veg 19: 
95-105 

Venekamp JH, Koot JTM (1988) The sources of free proline and 
asparagine in field bean plants, Vicia faba L., during and after a 
short period of water withholding. J Plant Physiol 132: 102-109 

Venekamp JH, Lampe JEM, Koot JTM (1989) Organic acids as 
sources of drought-induced proline synthesis in field bean plants, 
Vicia faba L. J Plant Physiol 133: 654-659 

von Heijne G, Steppuhn J, Herrmann RG (1989) Domain structure 
of mitochondrial and chloroplast targeting peptides. Eur J Biochem 
180: 535-545 

Walton EF, Clark CJ, Boldingh HL (1991) Effect of hydrogen 
cyanamide on amino acid profiles in kiwifruit buds during bud- 
break. Plant Physiol 97: 1256-1259 

Wang CY, Cheng SH, Kao CH (1982) Senescence in rice leaves. VII. 
Proline accumulation in senescing excised leaves. Plant Physiol 69: 
1348-1349 

Wayne R, Frick K, Neilands JB (1976) Siderophore protection 
against colicins M, B, V, and la in Escherichia coli. J Bacteriol 126: 
7-12 

Whatmore AM, Chudek JA, Reed RH (1990) The effects of osmotic 
upshock on the intracellular solute pools of Bacillus subtilis. J Gen 
Microbiol 136: 2527-2535 

Wyn Jones RG, Storey R, Leigh RA, Ahmad N, Pollard A (1977) 
A hypothesis on cytoplasmic osmoregulation. In E Marra, O Ciferri, 
eds, Regulation of Cell Membrane Activities in Plants. Elsevier/ 
North-Holland Biomedical Press, Amsterdam, The Netherlands, 
pp 121-136 

Yancey PH, Clark ME, Hand SC, Bowlus RD, Somero GN (1982) 
Living with water stress: evolution of osmolyte systems. Science 
217: 1214-1222 


Vol. 267, No. 2, Issue of January 15, pp. 871^875, 1993 
Printed in U.S.A. 


Cloning Human Pyrroline-5-carboxylate Reductase cDNA by 
Complementation in Saccharomyces cerevisiae* 

(Received for publication, August 15, 1991) 
Kristiann M. Dougherty t}, Marjorie C. Brandrissf » and David Vallet II 

From the %Laboratory of Genetics, Howard Hughes Medical Institute, Johns Hopkins University School of Medicine, Baltimore, 
Maryland 21205 and the ^Department of Microbiology and Molecular Genetics, University of Medicine and Dentistry of New 
Jersey, New Jersey Medical School, Newark, New Jersey 07103 


Pyrroline-5-carboxylate reductase (EC 1.5.1.2) cat- 
alyzes the NAD(P)H-dependent conversion of pyrro- 
line-5-carboxylate to proline. We cloned a human pyr- 
rohne-5-carboxylate reductase cDNA by complemen- 
tation of proline auxotrophy in a Saccharomyces 
cerevisiae mutant strain, DTI 100. Using a HepG2 
cDN A library in a yeast expression vector, we screened 
10° transformants, two of which gained proline pro- 
totrophy. The plasmids in both contained similar 1.8- 
kilobase inserts, which when reintroduced into strain 
DTI 100, conferred proline prototrophy. The pyrro- 
line-5-carboxylate reductase activity in these proto- 
trophs was 1-3% that of wild type yeast, in contrast to 
the activity in strain DTI 100 which was undetectable. 
The 1810-base pair pyrroline-5-carboxylate reductase 
cDNA hybridizes to a 1.85-kilobase mRNA in samples 
from human cell lines and predicts a 319-amino acid, 
33.4-kDa protein. The derived amino acid sequence is 
32% identical with that of 8. cerevisiae. By genomic 
DNA hybridization analysis, the human reductase ap- 
pears to be encoded by a single copy gene which maps 
to chromosome 17. 


Pyrroline-5-carboxylate (P5C) 1 reductase (EC 1.5.1.2) cat- 
alyzes the reduction of P5C to proline in an NAD(P)H- 
dependent reaction which is both the first committed and 
final step in proline synthesis. P5C reductase activity is 
present in the cytosol of virtually all mammalian tissues and 
cultured cells. In addition to its role in proline synthesis, P5C 
reductase, together with the other enzymes of P5C and proline 
metabolism, may influence the ratios of oxidized/reduced 
pyridine nucleotides (1). 
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Two lines of evidence suggest that there may be two (or 
more) forms of P5C reductase. First, kinetic studies show that 
P5C reductase from various tissues displays different cofactor 
preferences. P5C reductase from human erythrocytes (2), 
bovine retina (3), and rat lens (4) has a 20-60-fold lower K m 
for NADPH versus NADH and has a 5-12-fold higher affinity 
for P5C with NADPH as cofactor (2). Purified erythrocyte 
P5C reductase utilizes NADPH exclusively when both pyri- 
dine nucleotides are present at physiologic concentrations (2). 
By contrast, P5C reductase from cultured human fibroblasts 
(5) and a lymphoblastoid cell line (LHN cells) (6) has a similar 
affinity for either cofactor and an affinity for P5C which is 
not dependent on the choice of cofactor. Second, the sensitiv- 
ity of P5C reductase to inhibitors is tissue-specific. The 
enzyme from cultured human fibroblasts and LHN cells is 
inhibited by proline but not by NADP + ; the converse is true 
for P5C reductase from erythrocytes, lens, and retina (2). 
Based on these differences in kinetic characteristics and sen- 
sitivity to inhibitors, Phang and his colleagues (1, 2, 5-7) 
suggested that there are different forms of P5C reductase in 
various tissues. Furthermore, they propose that the reductase 
reaction serves different metabolic roles in these tissues (for 
review, see Ref. 1). In fibroblasts, cartilage, and other tissues 
with a high requirement for proline, the primary function of 
the reaction is to synthesize this amino acid (7). Alternatively, 
in erythrocytes, where the enzyme is inhibited by NADP + and 
there is no requirement for proline synthesis, the primary 
function of the reaction may be to produce NADP + necessary 
for activity of the hexose monophosphate shunt. 

As an initial step in determining the molecular basis for 
the tissue-specific characteristics of P5C reductase and the 
factors which influence its functional roles, we set out to clone 
a human P5C reductase cDNA and ultimately the structural 
gene(s). At the time of institution of these studies, primary 
sequence information for P5C reductase was available only 
from microorganisms (8-10) 2 and soybean (11'}. Small 
amounts of P5C reductase had been purified from mammalian 
sources, but the quantity was insufficient for antibody pro- 
duction or sequence determination (2-4). Therefore, we 
elected to utilize a functional cloning strategy, namely com- 
plementation in a Saccharomyces cerevisiae mutant strain 
lacking the reductase. We reasoned that P5C reductase should 
be amenable to this cloning strategy. The human protein 
appears to be a homopolymer comprised of moderately sized 
(-30 kDa) summits (2). Mutant strains of 5. cerevisiae lacking 
P5C reductase activity have been well characterized (12) and 
are auxotrophic for proline, providing a selection system for 
complementation. Appropriate human cDNA libraries in a 
yeast expression vector recently have been described (13). 

* M. C. Brandriss and D. A. Falvey, submitted for publication. 
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Using similar complementation strategies, the human homo- 
log for the cell cycle control gene (cdc2) (14), a CCAAT- 
binding transcription factor (15), and three multifunctional 
genes involved in de novo purine synthesis (13, 16) have been 
cloned. 

In this report, we describe the isolation and characterization 
of human P6C reductase cDNA by complementation in 5. 
cerevisiae and mapping of the human structural gene. 

MATERIALS AND METHODS AND RESULTS 3 
DISCUSSION 

By complementation of an S. cerevisiae P5C reductase 
mutant strain, we have cloned two independent cDNAs en- 
coding human P5C reductase. Phenotypic complementation 
occurred despite the relatively low level of P5C reductase 
activity measured in the transfonnants (Table II). Either wild 
type S. cerevisiae have far more P5C reductase activity than 
required for growth on a medium lacking proline or the 
enzymatic activity measured in vitro does not accurately 
reflect that in vivo. Clearly, the low P5C reductase activity in 
the prototrophic transfonnant (KD100) does not result from 
a low level of P5C reductase mRNA (Fig. 5A). This lack of 
correlation between the levels of mRNA and enzymatic activ- 
ity could be explained by inefficient translation of the mes- 
sage, lack of necessary poat-translational processing, instabil- 
ity of the human protein in yeast, or a negative interaction of 
the truncated yeast P5C reductase subunits with the wild type 
human subunits. Antibodies against the human P5C reductase 
protein will be useful in distinguishing among these possibil- 
ities. 

Our longest human P5C reductase cDNA is 1.8 kb in length 
and has 11 bp upstream of the first AUG. We propose that 
this first AUG marks the start of translation based on two 
lines of evidence. First, the context provides a reasonable 
Kozak consensus sequence (36). There is an A at position —3, 
a G at -6, and purine at +4 (Fig. 3). Second, use of the next 
downstream AUG would eliminate amino-tenninal protein 
sequence which has homology with the reductases from other 
species (Fig. 4). Initiation of translation at the first AUG 
gives a 957-bp open reading frame encoding a protein of 319 
amino acids with a predicted molecular mass of 33.4 kDa. 
This is consistent with the size of the P5C reductase monomer 
purified from human erythrocytes which was estimated to be 
~30 kDa by SDS-polyacrylamide gel electrophoresis (2). 

The predicted amino acid sequence for human P5C reduc- 
tase has considerably homology to the reductases from micro- 
organisms and soybean (Fig. 4). There are blocks of 7-14 
amino acids in which the identity is >75%. Presumably, these 
regions are important for the structure and/or function of the 
enzyme. We were unable to identify with certainty an 
N ADPH binding site that fits the consensus based on several 

reductase enzymes (I G_GTGIAPF F[~100 amino 

acids] Y_CG M) (37). Perhaps this reflects the fact 

that P5C reductase can use either NADPH or NADH. Also, 
it is interesting that the human protein extends approximately 
40 carboxyl terminal amino acids beyond any regions of 
identity with the reductase sequences from microorganisms 
and soybean. 

P5C reductase mRNA is present in a wide variety of cell 

8 Portions of this paper (including "Materials and Methods", "Re- 
sults," Tables I and II, and Figs. 1, 2, 5, and 6) are presented in 
miniprint at the end of this paper. Miniprint is easily read with the 
aid of a standard magnifying glass. Full size photocopies are included 
in the microfilm edition of the Journal that is available from Waverly 
Press. 
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ala lla lya lya thr ila lau aap lya val lya lau aap aar pro ala gly thr ala lau 

TCCCCTTCTCCCCACACCAAOCTOCTCCCCCCCAGCCTCCCCCCAGCCCGCAAGGW 
aar pro aar gly Mt thr lya lau lau pro axg aar lau ala pro ala gly lya aap CPA 

OCACTTg TOTSc^^ 

CCACC fiGC I CCT T C CTCA C aC C AAA G GTC A ACGA CT 

CC0 &CCCC T CC CT OC CCTC CA TT CA GC CA CAA ACC1CICC1 IC CC^TOT ti j lCTK O ftOCCAG A O OOTCCACOCATCCCAA 
CGCACGCTOttTrACra 

TCCCTTACTGATTAAMTCTCAATGTAATCTtA^ 

FlG. 3. The nucleotide sequence of human P5C reductase 
cDNA. The bases indicated by the dashed underline were determined 
from the sequence of huP5CR.2. The predicted amino acid sequence 
is shown below. The proposed polyadenylation signal is underlined. 
The nucleotide sequence is numbered from the A of the first ATG. 


nsvi 

ncirriFAESYTU 

"ML 

NTVTial 



;OS*A0fil0VfPAAlKKT| UMCVKLDS* 


AOTAlSMOttTKLLPMlAPAOKD 


Fio. 4. Comparison of the amino acid sequence of human 
P5C reductase with that of Escherichia coli (10), soybean 
(11), Pseudomonaa aeruginosa (8), and S. cerevisiae* 1 Amino 
acids identical with the human sequence are shaded. Alignment was 
done using the Needleman and Wunsch alignment algorithm pro- 
gram. 

lines, including HepG2 cells, skin fibroblasts, HEK cells, 
HeLa cells, AD12 cells, and MCF 7 cells, in agreement with 
the presence of P5C reductase activity in virtually all mam- 
malian cells and tissues (38). The high level of enzyme activity 
in HepG2 cells as compared to fibroblasts can be partially 
accounted for by the greater amount of reductase mRNA in 
the former. The poly(A + ) RNA from HepG2 cells exhibits at 
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least two bands when probed with huP5CR.l cDNA. These 
different species could be due to differential splicing of the 
P5C reductase mRNA which, if the pattern varied in a tissue- 
specific fashion, could explain the different enzymatic forms 
of the protein. Alternatively, the two P5C reductase tran- 
scripts could reflect the use of two sites for polyadenylation. 
In this regard, the proposed polyadenylation signal in both 
phuPSCR.1 and phuP5CR2, AUUAAA, is not the canonical 
AAUAAA (39). 

We examined the human genomic organization of the hu- 
man P5C reductase gene by Southern blot analysis. The gene 
appears to be single copy with a relatively simple structure, 
as evidenced by the low number of hybridizing fragments even 
at low stringency (Fig. 6). If the tissue-specific differences in 
P5C reductase kinetics and inhibitor sensitivity were due to 
multiple P5C reductase genes, we would expect a more com- 
plex pattern of genomic fragments. 

A human genetic disease caused by an abnormality of P5C 
reductase has not yet been recognized. The expected pheno- 
typic features for deficiency of P5C reductase might include 
runting, chondrodysplasia (7), cataracts (1), impaired lacta- 
tion (40), and/or hemolytic anemia (41). Results with two 
human/rodent hybrid cell mapping panels showed that the 
reductase gene mapped to human chromosome 17. Examina- 
tion of the pbenotypes of the human genetic diseases mapped 
to this chromosome (42) or to its major murine counterpart 
(mouse chromosome 11) (43) does not reveal obvious candi- 
dates. 

Acknowledgments— We thank Jef Boeke and James Phang for 
helpful discussions and Sandy Musceili for the preparation of this 
manuscript. 
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SUPPLEMENTAL MATERIAL TO: Cloning Human Pyrrotme S-CerboxyUte Reductase cDNA by 
CornpWm*m«tk>n In Saccfianypyces cmvtotm 

Krlstiann M Dougherty, Marjorto a Brand/lse end Dsvfcf Vattt 


MATERIALS AND METHODS 

Yh»i swim tfrt Cvtiun 

The S wvistow strains usod in this study are described in TABLE 1. Strain 0T1 too is Isogenic 
with strain MB1433 except tor dotation cl that portion o! the 0/0 J gent wruoh to!bws codon 63 (codons 
64-266). For transformation. the DTl 100 strain was grown in minimal medium [0.2 g/100 ml 
(NHJtSOt. 0.15 o/tOO ntf yeast nitrogen base without amino odds and lNH«feSO. (Oitco). 2 g/100 ml 
gkcos*] supplemented with proine (8.7 mM) and uracil < 0.2 mM). Translormants wem selected on 
minimal plates (minimal medium plus 7 g/100 ml Difco agar) supptamintad with 67 mM proline, 
raplica plated to and scored on minimal prates without proline. Growth rates in minimal modium 
(supplemented with uracil (0.2 mM) and tryptophan (0.8 mM) tor M9H33) were measured tn log phasa 
eutura. 

TABLE fc S CEftCVtSUE STRAINS USED EH TWS STUDY 
Strain Genotype Plaamld Souroa 


MB1433 UATa trpl uf3>5S none Brandrtss [17| 

DTI 1 00 AM Tatipf ura3-52 pto3~TRP1 root ftrandrtss[12] 
KDIOO MAT a trp1 ura*-S2 f*r>3jTfV>1 pPROO this work 

cDMA Library 

We obtainad a human cDNA tbrary. constructed trorn stza-satactad (>500 bp) HtpG2 (a human 
hepatoma caS Ena) CDNA in a yaasi oppression vector obtained trcm A Brake (13}. The promoter and 
terminator are provided by the S eerwaia* gtycerskJe hyO*-3s>ho«phate dehydrogenase gene. This 2 
uM-derived vector contains origins ol repficaiion and salaaable markers (URA3 and empR), 
appropriatt tor propagation and maintenance In either $ cererisueor £ cel. 

Trtfltl9fTTrton pt YffMt IfKl C Cffff 

The entire HepG2 Horary was used to transform strain DTilOO as described by Schfasti and 
Gietx {18). with en incubation at 42* C lor one hour. Competam E co* 2&4 certs were prepared and 
transformed as described J 191 

ftwtratign tf PttamM and Ircwtl PH*. ■rid Swutnct no 

ONA was isolated trom transformed yeast as Described (20) and used lo transform 294 cetts as 
above. Ptasmid ONA was prepared from BcoHXrf Uandard methods (21). After digesting th« plajmids 
with Bgt tl, the intern were isolated in low melting point agarose (BRL) and Sgatad into the BamHI site 

01 pO£U4 (Promega Btotec). Sequencing was performed with tM T7 porymerase kit (Pharmacia) or 
the Sequertasa Kit (US Bioehem) according to the manufaEurers' instructions. 

HucttftAcMAnltYatt 

Human genomic DMA was prepared irom peripheral tyrnphocytes as described {27\. Total 
cellular RNA was Isolated from tissue culture celts by guantfum thiocyanate extraction (23L Poly A* 
RNA was isolated by oSgo d(T)-ceButoee chromatography [241 RNA was prepared trom 5 cerevrsb* 
as by Chapman (25j. 

ONA transfer and hybridization were as described by MtcrteR et al (26). Roducod stringency 
hybridizations were parformed in a solution ot 35% (v/v) fermamide. t M NaCL 10% fwAO dextran 
suKate and 1% f*M sooTum dodecyi sulfate (SOS), washes, at reduced stringency, were done twice in 

2 x SSC (t k SSC - 150 mM NaCL 15 mM sodium citrate). 1% SOS loMO min at room temperature, 
twice In 2 * SSC, 1% SOS at 50* C tor 30 min end twice in 2 1 SSC at room temperature tor 30 man. 
RNA transfer end hybridization were performed using GeneScreen Plus membranes V*£H) to'towiog 
manufacturer's protocols. The probes ht these blots were prepared by raoiotaoelBng lha appropriate 
ONA fragments Isolated in low matting point agarose using the random hexamer procedure (271 The 
huPSCat cDNA probe is the 1.8 M> Bg) 1l insert ol pPROM. A 16 Kb MBS mouie tubuto cDNA (2$) 
and e 1.1 kb Bam HI / Knd 01 fragment of the S cerev&a* aciin gene |2S) were used to control tor 
qualry ot RNA on the Northern Wots, Au«r»cfiogram» were quamftaied by denjitomotry o»Mfl an 1KB 
Utrascan XL laser densitometer. 


Reo gerrtp 

All chemteab net otherwise specified were obtained from Sigma. OL-P5C was made from a 
commeroaty avail abJa 2,4 dinJIrophcnvthydrazino danvalive oi P5C as described {34] with an 
adcSUonal puriiicaiion slap on an Ion exchange column [35)> {U- U C1P5C. pntpared enxyiwrtieotty from 
(U- M Clomithine (NEN). was a gift ol J. Phang. Restriction endenucieasei and other eiwymes lor 
mofecufar biology wore obtained trom Boehrtnger Mannheim and used according to manufacturer's 
specifications. 

RESULTS 

To done human P$C reductase cONAs by cwnpMmerttafion, we required the appropriate mutant 
strain of 5 ttrtv&a* and a human cONA ibrary. The yoast strain, DT1 100, with a partfai deletion 01 *s 
P5C reductase gane (preJ) is autotrophic for proSne. As the source ol the translorming OKA, we used 
HepG2 eel cONA Qjrary. slxe sHected tor eDNAs >SO0 bp. tn a yeast eipression voctor (134. Because 
HapC2 cetts have high PSC teductasa acttvtty (TABLE ii). we wpected that they wou» be an acequare 
source for the reductase cDNA, Transfotmants were setocted on a uracil' (roe minimal medium 
supplemented with proBne. Apprarimetety 10* ol these were repfiea plated onto a rntnimai medium to 
screen tor preine proJotroph*. Two cotoniec, able to grow in the absence of prebne. were identified 

We analyzed irtese two cotcnies to determine it me Pro* phenotype was conferred by 
sequences on lha ptasmkJ. To test tor cosegregafion of the Ura+ and Pro* phenotype s, we grew the 
transfonnants m a medkjm permissive tor ptasmid loss {minimal plus uracil and proline). AD ura- 
colonies were also Pro-, indicalng that th« sequence cornpla morning proine ataotrophy was located 
on the ptasmid. To characterize the ptasmid inserts, we shuttled the recombinant ptssrards trom the 
yeast transtomtants Into Ceo* Both r^combinani piasirfds {pPRO*.i andpPRCr.2) had 1.6 Kbinssns 
that hybnelzod to one another (data not shown). Ftamroduction ol pPBO.i and pPRO*.2 »mo OTitoo 
cofltemd proine pretotrophy. oonflrming thai ttiase ptasm>os carried prt^complementing acthniy 
(FIGURE 1), WeoesJflrtatedthe pPRO.l oansk)nT»fl 071100 strain as KO100. 



Figure 1. Growth of 5 ewoWjii* strains 
MB1433. DTI ICO, and KD1O0 on a proline- 
tree medium supptemented with uracil and 
tryptophan lor lour days at 30* C. The 
pMHton ol the strains is indicated, 


To be certain that .the complementing activity in KD100 was due to PSC reductase, we measured 
the activity ol the enzyme tn extracts ot DT1 1 00 and KOlOQ. Extracts of OTH00 had no rjetectable PSC 
reductase activity. Extracts ol KDtOO had low but measurable PSC reductase actMty (TABLE tl) which 
was approximate* 10% that ot normal human fibrobtasa and 1-3% that ot the proKne-proiotropnc 
paremal strain (MB 1433). To confirm that the relatively small amount ol prottud measured in these 
assays was produced by an enzyme catalyzed reaction, we shewed that it Increased Inearty over time 
and coetuted Irom an ion exchange chromatography column with bona fide radcactive proGne (data 
not shown). We condudo that there is PSC reductase aciviry m ch« KDiOO yeas) afbaft at levels much 
tower than those ot M61439. To determine it this low levator PSC reductase activity was sufficient toi 
normat growth, we compared the growth rates ot MS 1433 and KD 100 in minimal medium. The 
doubling time for both strains was 2JZ5 h. The OTItOO strain showed no growth under th»w 
conditions. 


Two human/rodeni hybrid ceu Bne mapping panels were used to determine the chromosomal 
fixation of tht PSC reductase gene. The trst. generously provided by T. Mohandas [30], was screened 
by Southern blotting ol Hnd IP digested DMA and the human PSC reductase cONA as probe. The 
second (BIOS Corporation) was screened with the porymerase chain reaction (PCR) using Taq 
polymerase (Cetus) and primers corresponding to nucleotides 714 • 732 and the complement ot 
nucleotides 1046 - 1066 of the PSC reductase cDNA (FIGURE 3). 

CellCumjre 

Human cell ines were grown in Eegies' minimal essential medium supplemented with 
nonessential amino adds and 10% fetal bovine serum. The can Eras used in this study include skin 
fibroblasts, human embryonic kidney calls (HEK) (CRL1573). HepG2 ceils. MCF7 ceSs (breast 
carcinoma cat fine). ADi2cetis (retnoblasts) (sift ot RTMJ vaessen (3iD and KeLo S3 cetts (CCL2.2L 

tM\ Hornooenetea end PSC Redutiase Aaaair 

Saturated overnight cultures ol MB 1433, OT1100 or KDiOO, grown in minimal medium with 
appropriate supplements, were dQuted lo an OOwa of 03 and harvested al an O0|oa ot 0.6. PaBetl 
were re suspended in 0.1 M potassium phosphate butler. pH 6,8, 1 mM phony imethytsutfonyt duortde 
and the ceOs were disrupted by vortexing tor 30 seconds with glass beads x 4 at 4* C, The beads wen 
washed with additional 0.1 M potassium phosphate buffer pH 6.6 to yield a Rnst homogenate volume ot 
1 ml The homogenates were tfatyzod overrvgW In 2 8ers of 0.1 M potassium phosphate buffer pH 6,8 
ai4*C 

Homogenates of cultured human ceSs were prepared as described (32), Protein coKerttration 
was determined with the bionchorunic acid reagent (Pierce) using bovine serum albumin as the 
standard. The PSC reductase activity was assayed racitfsotopicaiiy as described (33) except the final 
corxxntrafton of MADH was 2.1 mM 


TABLE D: PSC REDUCTASE ACTIVITY IN $ CERBVtSUS STRAINS 
AND HUMAN CELL UNES 


S c#r»vfjJe» ittmln Spfti ffe AcnruX* 

{nmot pn^af^tfmg protein) 

M8 14433 (Pfl03) 3010 (2251 • 3548) 

DT1 100 (preOjk) not delectabts 

KOlOO (proSA i pPRO*.1) 63 ( 22 • 103) 
Human eel frnee 

teroWasts • control l 1218(1187- 1241) 

f brobtasts • ccrrtrot 2 5i5 ( 494-S33) 

HepG2 5143 (492S • S357) 

* mean and (range) of duptcate rjwwmi nations tor each sample. Fot the yeast samptes. two 
drffemrri preparatiofts ware assayed. 

The inserts trom pPRO*.1 and pPRO*.2 were subetcned into pGEM4. resuling in recombinant 
piasrnida designated phuPSCRI and phuPSCR^. The phuPSCR 1 insert was sequenced in its entirety In 
both directions (FIGURE 2), The nucleotide sequence of the insert end the derived amino acid sequence 
are shown in FIGURE 3. We sequenced ihe lermtni of the phuPSCR.2 insert The 3' end was identicBl to 
that ot phuPSCat whfle the 5* end had five additional base pairs (FIGURE 3), inOeating thai ppflo*. 1 and 
pPftOv2 were two Independent isotatas. The 1 605 op huPSCR.1 cONA has an open reading frame ol 
857 bp il Ihe first AUG Is the translations! start codon. Use ot this AUG preserves regions ol amino add 
identity with the PSC reductases from oihtf spectos (FIGURE 4). The 957 bp open reading frame encodes 
a protein ot 3t9 amino acids with a predicted molecular mass ol 33.4 kO. The predicted human reductase 
amino add sequence *« 32% identical to S cereWsiae, 38% to £ co* and P Mwgincsa and 44% to 
soybean. 
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Figure! The huPSCR 1 cONA. The op«n rectangle denotes the 957 bp open reading frame. Tht 
arrows below indtane the sequencing strategy. A simpte restriction map is also given. There are no 
U4t kyi the eruymes Eco Pi. Hind PI and Rsa J. 

FIGURE Sa shows Nor hen Wot analysis ot RNA irom HepG2 cells, human fibroblasts and various 
yeast strain* probed with fcuP5CR.i cDMA. In an human celt line RNA samples, the major hybridaing 
transcript it i 85 Kb, correlating w« wfch the size ol the phuPSCR inserts. Simitar results were 
obtained with RNA from other human ceU lines including HoLa. HEK. ADi2 and MCF7 (data not 
shown). The teiai ceitutar RNA from both HepG2 cells and fibroblasts hava additional minor 
hybridfcing transcripts ot 2.25 kb and 1 ,6 kb. The latter is not present in KepQ2 poly A* RNA. The 
major hybrid ring mRNA in KOiOO is 2 0 w. The sighDy larger siza ot this transcript as compared to 
thai in human cells is due to (ncorpora&oft oi vector g)yeeraSdehyde-3*pho9phate dehydrogenase 
sequences. The intensity ot the major hybnolring band in KD 100 is * tS-toW that in Hep&cefe and * 
30-fold ihat in human fibroblasts. As expected, there was no dated abie hybtfdiztng transcript in 
Man» or DTt 100 despite the presence ol approximateV similar quantity and quaSty of RNA in each 
lane as shown by probing the Wot wfth yeast aeftA (FiGURS 5b). 

Comparison ot the amounts ol P5C reductase mflNA (FIGURE 5} and erryma&c activity (TABLE 0) 
measured in KOI 00 extracts shows that the low level ol reductase activity in this strain is not due to a 
low level of Die reductase transcript. Rather the tow enzymatic activity must be due either to inefficient 
translation or to post-transfationel causes. The differences in PSC reductase activity between HepGS 
celts and fibroblasts (5 to toxoid) is partial ty accounted for by the greater levels ol PSC reductase 
mRMA in HepG2 cetts (2 to 5-k>W>. 


hlhll 


Figure 5. An AHA btot of samples from various 
human and yeas} eels. Panel A: Total eeluiar RHA 
from Hep62 cells (10 |tg) or cultured tbrdWasta O0 
ug)orthe ind«a« strains ot S coraWsfa* (20 ug> or 
HepG2 poty A* RNA (1 ug) was loaded in the 
Indicated ranea, The blot was hybridized wiih 
radiolabeled huPSCR.l cDNA and the 
autcradlograrn exposed lor aft hours. A one-tenth 
exposure Ot lb* KOlOO tan* is Shown on the right, 
Panel B: The same btot probed with mouse ft* 
tubuBn (human tanas) or S c*r»*tfse actin (yeast 
' d size marker* (Kb) are noted. 


We analyzed endonuctease coasted human genomic DMA to determine the complexity «t (he 
fragments detected wiih the PSC reductase cONA (FtGUP* «. One cr two major hybridizing fragments 
were present in digests with five dmewnl restriction endonudaasas. suggesting a single PSC reductase 
gene with a relatively simple organization. Hybridizing this bW under less stringent conditions <$*♦ 
METHODS) did not reveal any new fragments (data not shown). Using two rwmaitfrodent hybrid tea 
mapping paneta. we localized the P5C reductase gent to human chrcrtwsome 17 (data not shown*. 
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Bgure 9. A Southern btoi of human genomic 
ONA hybridized with radioiabeBad huPSCR.i. 
Human genomic ONA (10 ug) digested with 
the indicated re stridor* enzymes. Standard size 
s (kb) axe noted. 
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Purification and Properties of Pentachlorophenol Hydroxylase, a 
Flavoprotein from Flavobacterium sp. Strain ATCC 39723 

LUYING XUN and CINDY S. ORSER 

Department of Bacteriology and Biochemistry and Institute for Molecular and Agricultural Genetic Engineering and 
Center for Hazardous Waste Remediation Research, University of Idaho, Moscow, Idaho 83843 

Volume 173, no. 14, p. 4447, column 2, lines 24 and 25: "u.mol" should read "nmol." 


Proline Biosynthesis in Saccharomyces cerevisiae: Analysis of the PR03 
Gene, Which Encodes A 1 -Pyrroline-5-Carboxylate Reductase 

MARJORIE C. BRANDRISS and DARLENE A. FALVEY 
Department of Microbiology and Molecular Genetics, UMDNJ-New Jersey Medical School, Newark, New Jersey 07103 

Volume 174, no. 11, p. 3784: Figure 1 should appear as shown below. 


-31 € CACCTC CTACCCAACC CAACCCACTC TCCTTTCACA CAACATTTTC TCATTTTAAA CAACTAGAGC ACTTCCTACA TTTTATTCTC CCTCACTACA 


-220 TCCACCAAAA GAACCTGTAA TATCCTGACT CACTCCTTAA ACCTACATAC ATTGCCATAG AATGCCATTT ATTACTATAT AAACTCCCAT ACGTACAAAA CGACAAGATC 


-110 TTATCTTCCA AAACAAGAAT ATGAAGGATT TAATAACATT GCCACGTTAA CAACCCTGTA ACAACAATAG AACTAACACA ACACCAATAC CAAACAAACC AACTACAGAT 

1 ATC ACT TAG ACA TTG GCA ATT TTA CGC TGC GGT GTT ATC CCC CAA CCA CTT CTT TCC CCC ATT TAT AAT GCT CCA AAG CCG CCT CAT GAA 
net thr tyr thr leu ala ila leu gly cys gly val met gly gin ala leu leu ser ala IX* tyr asn ala pro lys ala ala asp gin 
S 10 15 20 25 30 

91 ACT CCT GCT CCA TTT TAC CCT TCC AAA ATT ATC ACA TGT AAC CAT CAT GAA CCT ACT CCA CAA CAA GTT ACC CAT CTA CTT GAG ACA TTC 
thr ala ala ala pha tyr pro ser lys 11a 11a thr cys asn his asp glu pro sar ala gin gin val thr aap leu v*l glu thr pha 
35 40 45 50 55 (0 

181 GAC GAA TCT CCT AAC GGT ATT AAA GTC GAA AGC ACT TAC GGT CAC AAC GTG ACC GCT CTC CAA CAA CCT TCT CTA GTT CTT CTT GGT ACC 
asp glu sar pro asn gly ila lys val glu sar thr tyr gly his asn val sar ala val glu glu ala sar val val lau lau gly thr 
(S 70 ?S 80 85 90 

271 AAC CCA TTT TTC CCC GAA GAA GTG TTG AAT GGT GTC AAG ACC CTC ATT GGG GCA AAG CTA CTT ATT TCC CTC CCT GCT CGC TGG ACA ATT 
lys pro pha lau ala glu glu val leu asn gly val lys sar val 11a gly gly lys lau lau 11* s*r lau ala ala gly trp thr 11* 
95 100 105 110 115 120 

361 CAC CAA TTC ACT CAA TAC ACT AGC ACT CTT TGC CCT GTT ATC ACC AAC ACA CCT CCC AAC TAC CCA TAT CCT TGT CCG CTC GTG TCC TAC 
. asp gin l*u s*r gin tyr thr s*r thr val cys arg val met thr asn thr pro ala lys tyr gly tyr gly cys ala val val sar tyr 
125 130 135 140 145 150 

451 TCA GCT CAT GTT TCC AAA GAC CAA AAG CCA CTC GTC AAC CAA TTC ATT AGC CAA GTT GGT AAA TAC CTT GAG CTT CCA CAA AAC AAC ATC 
s*r ala asp val sar lys glu gin lys pro lau val asn glu lau 11* sar gin val gly lys tyr val glu lau pro glu lys asn mat 
155 1(0 1(5 170 175 180 

541 GAT GCT CCT ACG GCT TTA GTC GGT TCA CGC CCC CCT TTT GTT "CTC TTG ATC TTA CAA TCC TTG ATC CAC ACT GGG TTG AAA TTG CCA ATC 
asp ala ala thr ala lau val gly sar gly pro ala pha val lau lau ut lau glu sar lau mat glu sar gly lau lys lau gly 11a 
185 190 195 200 205 210 

(31 CCA TTA CAA GAG ACT AAG GAG TGT GCC ATC AAA GTT CTA CAA GGA ACA GTG AAG ATC GTT GAG AAA AGC GGT GCT CAT CCA TCC GTT TTA 
pro lau gin glu sar lys glu cys ala met lys val lau glu gly thr val lys net val gin lys sar gly ala his pro ser val leu 
215 220 225 230 235 240 

721 AAG CAT CAA CTT TCC ACA CCA CCT GGT ACA ACT ATT CCC GGG TTG TCC CTA ATC GAA GAA AAG GCC CTC AAC ACC GGT ATT ATC AAT GCT 
lyi his gin val cys thr pro gly gly thr thr ila ala gly leu cys val net glu glu lys gly val lys ser gly lie lie asn gly 
245 250 255 2(0 2(5 270 

811 CTT CAA CAC CCA GCC CCT CTT CCG TCA CAA TTA CGC CAA AAG AAG AAA 
val glu glu ala ala arg val ala sar gin leu gly gin lys lys lys 
275 280 265 

859 TA CATTCCTTTC CGTCAAATGT ATCTATCTTC CCTTTGTACC CGTATATTAT TTTTTTATTA CTCACCTTCC ATTTTTTCCT CATTTTCCCT CGCTCC 
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ABSTRACT 

Several cDNA clones encoding A 1 -pyrrol ine-5-carboxy late re- 
ductase (P5CR, L-proline:NAD[Pr 5-oxidoreductase, EC 1.5.1.2), 
which catalyzes the terminal step in proline biosynthesis, were 
isolated from a pea leaf library screened with a 32 P-labeled Aval 
fragment of a soybean nodule P5CR cDNA (A.J. Delauney, D.P.S. 
Verma [1990] Mol Gen Genet 221: 299-305). DNA sequence 
analysis of one full-length 1.3-kb clone (pPPS3) indicated that the 
pea P5CR gene contains a single major open reading frame encod- 
ing a polypeptide of 28,242 Da. Genomic analysis suggested that 
two to three copies of the P5CR gene are present per haploid 
genome in pea. The primary structure of pea P5CR is 85% identical 
with that of soybean and exhibits significant homology to human, 
yeast, and Escherichia coli P5CR. The sequence of one of four 
highly conserved domains found in all pr oka ry otic and eukaryotic 
P5CRs is similar to the consensus sequence for the NAD(P)H- 
binding site of other enzymes. The pea P5CR cDN A hybridized to 
two transcripts, 1.3 and 1.1 kb in size, in polyadenylated RNA 
purified from leaf tissues of mature, light-grown plants (4 weeks 
old). Only the 1.3-kb transcript was detected in younger (1 week 
old) greened seedlings or in etiolated seedlings. In greened seed- 
lings, steady-state levels of this 1.3-kb mRNA increased approxi- 
mately 5-fold in root tissues within 6 h after plants were irrigated 
with 0.4 m NaCI, suggesting that expression of the P5CR gene is 
osmoregulated. 


In a variety of monocot and dicot plant species, adaptation 
to an environmental stress is accompanied by the accumula- 
tion of amino acids and their derivatives (33). One of the 
best studied responses of this type involves the accumulation 
of proline under water or salt stress (22, 31). The accumula- 
tion of this amino acid results from an increased flux of 
glutamate to P5C 4 (2) and proline (27) in the proline biosyn- 
thetic pathway, as well as decreased rates of proline catabo- 
lism (32). In some tissues, proline levels may increase as 


1 The nucleotide sequence for the pea A'-pyrroline-S-carboxylate 
reductase gene has been deposited in the GenBank/EMBL data bases 
under accession No. X62842. 

2 Financial support for this research was provided by National 
Science Foundation grant No. DCB-91 17814 to R.D.S. 

3 Present address: Department of Biology, Goucher College, Bal- 
timore, MD 21286. 

* Abbreviations: P5C, pyrroline-5-carboxylate; P5CR, pyrroline-5- 
carboxylate reductase; poly(A), polyadenylation; SSC, standard so- 
dium citrate; pfu, plaque-forming unit; ORF, open reading frame. 


much as 100-fold in response to stress. In corn roots grown 
at low water potentials, proline accumulation represented 
approximately 45% of the total osmotic adjustment (35). 

In plants, the regulation of proline synthesis is poorly 
understood, in part because the proline biosynthetic pathway 
has not been completely characterized. On the basis of met- 
abolic labeling studies, it appears that stress-induced proline 
synthesis is the result of a loss of feedback control in the 
proline pathway at the level of P5C formation (2). This 
situation is analogous to that in bacteria, in which proline 
synthesis is known to be regulated at the level of 7-glutamyl 
kinase via proline feedback inhibition (9). In plants, however, 
only the last enzyme in the proline pathway, P5CR, has been 
characterized (7, 19, 21). Evidence for the first two enzymes 
of this pathway, 7-glutamyl kinase and 7-glutamyl phos- 
phate reductase, is not conclusive (21), and their role in the 
regulation of proline biosynthesis remains to be demon- 
strated. 

In this context, it is interesting to note that increased P5CR 
activities and gene expression have been shown in a number 
of plants in which proline accumulation participates in the 
process of osmotic adjustment. For example, Triechel (34) 
found that P5CR activity increased 4 -fold in response to 
NaCI adaptation in the halophyte Mesembryanthemum nodi- 
florum. Similarly, Laliberte and Hellebust (20) reported a 4- 
fold increase in P5CR activity accompanying salt adaptation 
in the halophytic alga Chlorella autotrophica. Recently, Delau- 
ney and Verma (12) cloned a soybean nodule P5CR gene and 
observed a 6-fold increase in P5CR mRNA levels in the roots 
of soybean seedlings in response to salinization. 

The significance of this apparent osmoregulation of P5CR 
activity in these plants is unknown, especially because the 
activity of this enzyme is not modulated in response to 
osmotic adjustment in other plants (21). There are reports of 
kinetically distinguishable P5CR isozymes (18) and both cy- 
tosolic (18) and chloroplastic (26) forms of P5CR in plants. 
In view of the possibility that these different P5CRs might 
play fundamentally different roles in plant amino acid me- 
tabolism and stress adaptation, we conducted further studies 
of this enzyme. 

We report here the isolation and characterization of a 
cDNA clone that encodes a pea leaf P5CR. The P5CR gene 
was expressed in roots and leaves of both etiolated and light- 
grown pea seedlings. Increased steady-state levels of P5CR 
mRNA were observed in the roots of salinized, light-grown 
seedlings, suggesting that expression of this gene is osmore- 
gulated in these tissues. 
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MATERIALS AND METHODS 

Bacterial Strains 

Escherichia coli strain PLK-F' {recA, hsdR~M + , mcrA~, 
mcrBT, lac', supE, gal~, [F, proAB, lacl°, lacZ&MIS, TnlO]) 
was usedior cDNA library construction. E. coli strain XL1- 
Blue (recAl, endAl,gyrA96, thi, hsdR17(r k ~m k +), supE44, relAl, 
lac', [F, proAB, lacl?, lacZAM15, TnlO]) was used to plate the 
cDNA library for screening and for rescue of recombinant 
pBluescript phagemids from the XZAP II vector (Stratagene, 
La Jolla, CA). 

Construction of the Pea Leaf cDNA Library 

Total RNA was extracted from 4-week-old pea (Pisum 
sativum L. cv Wando) leaf tissue using the guanidinium 
isothiocyanate method, and poly(A) + RNA was isolated by 
oligo(dT)-cellulose chromatography, as previously described 
(30). cDNA was synthesized using the ZAP-cDNA kit (Stra- 
tagene), according to the manufacturer's instructions. After 
the poly(A) + RNA (5 fig) was denatured with 10 rrtM methyl 
mercury hydroxide, first-strand cDNA was synthesized using 
Moloney-Murine leukemia virus reverse transcriptase and a 
poly(T) adapter primer containing an Xhol site. After second- 
strand cDNA synthesis, double-stranded cDNAs were ligated 
to EcoRI adapters, digested with EcoRI and Xhol, and size 
fractionated on a Sepharose CL-4B niinicolumn. 

cDNAs between 400 and 5000 bp in size were collected 
and ligated to prepared UniZap XR (XZap II) arms. The ligated 
DNA was packaged in vitro (Gigapak II Gold, Stratagene) 
and used to transfect E. coli PLK-F' cells. Plaques from 43 
individual confluent plates (150 mm) were collected into 
buffer (1.0 m Tris [pH 7.5], 0.5 m NaCl, 0.15 m MgS0 4 , 0.01% 
gelatin). Aliquots from each plate were combined to form a 
complete library, which contained 1.9 X 10 6 recombinants. 

Isolation of P5CR cDNA Clones 

The pea cDNA library was plated with XLl-Blue cells on 
NZY plates at approximately 2.5 X 10 4 pfu/plate. Plaques 
were lifted onto nylon filters (MagnaGraph; Micron Separa- 
tions, Westboro, MA). Plaque DNA was denatured and UV 
cross-linked to the filter, which was baked in an 80°C vac- 
uum oven for 1 h. Filters were preincubated in hybridization 
solution (5X SSPE [0.75 m NaCl, 0.05 m NaHjPO^ 6 mM 
EDTA (pH 7.4)], 2X Denhardt's solution, 50% formamide, 
0.1% SDS, 150 fig of salmon sperm DNA) at 40°C for 2 h. 
Fifty nanograms of a 607-bp Aval fragment of a cDNA 
encoding soybean nodule P5CR (pProCl, ref . 12) was labeled 
with [a- 32 PJdCTP (New England Nuclear, Boston, MA) to a 
specific activity of 2 to 5 X 10 8 dpm//xg using a randomly 
primed DNA labeling kit (United States Biochemical, devc 
land, OH). The probe was denatured and added to fresh 
hybridization solution, and the filters were incubated in this 
solution for 18 h at 40°C. Hybridized filters were washed 
twice at room temperature with lx SSC (0.15 m NaCl, 15 
mM sodium citrate [pH 7.4]) containing 0.1% SDS and then 
once at 42°C and exposed to film. Putative P5CR clones were 
identified on autoradiograms, and the clones were plaque 
purified. Recombinant pBluescript SK" phagemids were ex- 


cised in vivo from the XZap II vector by infecting XLl-Blue 
cells with 200 fiL of purified phage (3 X 10 9 pfu/mL) and 1.2 
nL of R408 helper phage (1 X 10 n pfu/ml), according to the 
manufacturer's instructions (Stratagene). Small-scale prepa- 
rations of phagemid DNA (16) were used for restriction 
mapping and sequencing. 

DNA Sequencing 

Double-stranded phagemid DNA was denatured in 0.2 m 
NaOH, 0.2 mM EDTA, neutralized by addition of 0.3 m 
sodium acetate (pH 5), precipitated with ethanol, collected 
by centrifugation, and dissolved in H 2 0. The DNA (3 fig) 
was sequenced using a Sequenase version 2.0 kit (United 
States Biochemical): Several restriction fragments of the 
cDNA insert were subcloned into plasmid pTZ18U to facili- 
tate sequencing. Both strands of the cDNA insert were com- 
pletely sequenced. Sequence analyses were carried out using 
the Genejockey version 1.2 software package (Biosoft, Cam- 
bridge, UK) run on a Macintosh SE computer. 

Southern Blot Analysis 

Genomic DNA was isolated from pea leaves as described 
by Richards (28), using the modification of Murray and 
Thompson (25) in which polysaccharides are removed from 
the sample by complexation with 1% cetyltrimethylammo- 
nium bromide in the presence of 0.7 m NaCl before chloro- 
form extraction and precipitation of DNA. DNA samples 
were digested with restriction enzymes, and 10 fig of DNA 
was electrophoresed through an 0.8% agarose gel. The DNA 
was denatured by soaking the gel in 0.5 m NaOH, 1.5 m NaCl 
for 30 min and then by neutralization in 0.5 m Tris (pH 7.5), 
1.5 m NaCl. DNA was transferred to a nylon membrane 
(Magnagraph) by capillary blotting in 10X SSC and fixed to 
the membrane by UV cross-linking and baking in an 80°C 
vacuum oven. 

The blot was preincubated in hybridization solution (5X 
SSPE, 5X Denhardt's solution, 50% formamide, 0.5% SDS, 
200 fig of salmon sperm DNA) at 42°C for 2 h. A 32 P-labeled 
830-bp EcoRI/BamHl fragment of pea clone pPPSl, encom- 
passing nearly all of the P5CR ORF, was prepared as de- 
scribed above (specific activity of 8.7 X 10 8 dpm//ig). The 
probe was denatured and added to fresh hybridization solu- 
tion, and the blots were incubated for 16 h at 42°C. The blots 
were then washed twice each with 5X SSC, 0.5% SDS at 
room temperature and then with lx SSC, 0.5% SDS and 
0.2X SSC, 0.5% SDS, both at 37°C, and exposed to film. 

Northern Blot Analysis 

Large-scale purification of total RNA from 4-week-old 
green pea leaf tissues and fractionation of poly(A) + RNA and 
poly(A)~ RNA was carried out as previously described (30). 
Small-scale isolation of total RNA from 1 -week-old pea seed- 
lings used in salt-stress studies (see below) was performed 
using the method of Chomczynski and Sacchi (8). RNA 
samples were electrophoresed in a 1% agarose-0.6 m form- 
aldehyde gel and transferred to a nylon membrane (Magna- 
graph) in 10X SSC. 32 P-Labeling of the pea P5CR probe and 


1466 


WILLIAMSON AND SLOCUM 


Plant Physiol Vol. 100, 1992 


northern hybridization were carried out as described above 
for the Southern analysis. Changes in steady-state levels of 
P5CR mRNA in response to salt stress were quantitated from 
autoradiograms using a scanning densitometer (Ultroscan XL; 
Pharmacia LKB Biotechnology, Piscataway, NJ). 

Plant Materials 

Pea (Pisum sativum L. cv Wando) seeds were planted in 
washed vermiculite moistened with tap water and grown in 
darkness or in iUuminated growth chambers (16 h of light/8 
h of dark) at 22°C for 4 d. 

Salinization of Pea Seedlings 

Seedlings were irrigated with either tap water or 0.4 m 
NaCl solutions and grown for an additional 3 d. During this 
treatment period, root and leaf tissues from both control and 
salt-treated plants were harvested at 6, 24, and 72 h. Har- 
vested tissues were immediately weighed, quick frozen in 
liquid N 2 , and stored at — 80°C before proline determinations 
or protein and RNA extraction. All manipulations of etiolated 
seedlings were carried out under green safelights. 

Determination of Tissue Proline Contents 

The proline content of pea tissues was determined accord- 
ing to the method of Bates et al. (1). Briefly, liquid N 2 ~frozen 
tissues were homogenized directly in 3% (w/v) sulfosalicylic 
acid on ice. Homogenates were centrifuged at 14,000g for 20 
min at 4°C, and the supernatants were transferred to clean 
tubes for quantitation of proline. Tissue precipitates were 
saved for protein analyses (see below). Proline in the 3% 
sulfosalicylic supernatants was derivatized with ninhydrin 
and quantitated by ^520 and comparison with a proline stand- 
ard curve. 

Extraction and Quantitation of Tissue Proteins 

Proteins in the 3% sulfosalicylic acid precipitates were 
solubilized in 1.0 n KOH on ice and the potassium sulfosali- 
cylic acid precipitate was removed by brief centrifugation. 
Aliquots of the soluble tissue proteins were immediately 
added to SDS-PAGE sample buffer and boiled to denature 
the proteins. Protein contents in these samples were deter- 
mined using the method of Bradford (3). 

SDS-PAGE Immunoblot Analysis P5CR Protein Levels in 
Pea Tissues 

SDS-PAGE separations of total soluble proteins from pea 
tissues, electroblotting onto a nitrocellulose membrane, and 
immunodetection were carried out as described by Slocum et 
al. (30) using a rabbit polyclonal antibody produced against 
SDS-PAGE-denatured soybean nodule P5CR protein, which 
had been overexpressed in E. coli (D.P.S. Verma, personal 
communication). 


RESULTS 

Characterization of P5CR Clones 

Three cDNA clones, of approximately 150,000 screened 
from a pea leaf cDNA library, hybridized to a 32 P-labeled 
Aval fragment of the soybean P5CR cDNA pProCl (12). The 
'putative P5CR clones were characterized by restriction map- 
ping, and one clone (pPPSl) was selected for sequencing. 
pPPSl was found to be truncated only four amino acids 
downstream from the presumed N terminus, based on addi- 
tional sequence data for the 5' end of the P5CR gene that 
was later obtained from two full-length clones, pPPS2 and 
pPPS3. 

P5CR clone pPPS3 contained a 1269-bp insert whose 
nucleotide sequence is shown in Figure 1 . This cDNA com- 
prised 37 bp of 5 7 -untranslated sequence, a single major ORF 
of 819 bp initiated by an ATG codon and terminated by the 
stop codon TAA (OCH), and 391 bp of 3 '-untranslated 
sequence followed by a poly(A) tract. The ORF encoded a 
polypeptide of 273 amino acids with a predicted molecular 
mass of 28,242 Da. Codon usage in the pea P5CR gene was 
not significantly different from that reported for other dicot 
genes (24). 

Two putative poly(A) signals, ATTATA and AAGCTT, 
were located 34 and 27 bp upstream from the poly (A) tract, 
respectively (Fig. 1). A third poly(A) signal ATAAAT and a 
GTTTTCTGCT sequence, similar to the GGUUUUCGCU 
motif believed to play a role in efficient poly(A) of pea rbcS 
mRNA (23), were located 206 and 290 bp upstream from the 
poly(A) addition site, respectively. 

All three PSCR.clones were found to differ from each other 
slightly over a short stretch of sequence at the extreme ends 
of their 3 '-untranslated regions, just before the poly(A) site. 
The longest 3' end was found in pPPS3 (Fig. 1). Nucleotides 
1206 to 1214 were missing in pPPS2, and nucleotides 1202 
to 1214 were deleted in pPPSl. 

Comparison of the pea and soybean P5CR amino acid 
sequences (data not shown) indicates that the pea sequence 
was 85% identical with the soybean sequence and, if one 
takes conservative substitutions into account (Fig. 2), exhib- 
ited 94% close homology. This is not surprising because both 
genes are from leguminous species. In contrast, the pea P5CR 
sequence was only 34% identical with that of the E. coli 
enzyme (13), 27% identical with yeast P5CR (4), and 36% 
identical with human P5CR (14). 

Although overall amino acid sequence homology among 
the plant P5CR and other prokarybtic and eukaryotic P5CR 
was low, several domains within these enzymes were highly 
conserved. In Figure 2, these conserved sequences are com- 
pared, along with the corresponding sequences for P5CR 
from Pseudomonas aeruginosa (29) and the archaebacterium 
Methanobrevibacter smithii (15). Within these domains, se- 
quence identity with pea P5CR ranged from 18% for M. 
smithii to 94% for the soybean enzyme. 

Southern and Northern Analyses 

Southern blot analysis of pea leaf genomic DNA hybridized 
to a 32 P-labeled EcoRI/BamHI fragment of clone pPPSl, en- 
compassing nearly all of the P5CR ORF, indicated that there 
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-36 AAACAAC&CCAGCATTTCATCTGTCACGTAACTAAAC 

Met Glu lie Leu Pro II* Leu Ser Asp Ser Tyr Thr Lea Gly phe lie Gly 17 
1 ATG GU ATC CTT CCC ATT CTC TCC GAT TOC TAC ACT CTA GGT TTC ATC GGC 

Ala Gly Lys Met Ala Glu Ser lie Ala Lya Gly Ala Ser Arg Ser Gly Val 34 
S3 GOC GGA AAA ATG GCC GAA AGC ATT GCC AAA GGC GCC TCC CGC TCC GGC GTG 

Leu Pro Sei Ser Arg lie Val Thr Ala His Ser Asn Pro Ser Arg Arg Ala 51 
104TTACCCTCTTCCCGCATCGTAACCGCTCACTCTAACCCCTCTCCT 

Ala Phe Glu Ser lie Gly He Thr Val Leu Ser Ser Asn Asp Asp Val val 68 
155 GCC TTC GAG TCC ATC GGC ATC ACC GTC CTT TCT TCC AAC GAC GAT GTC GTT 

Arg Ala Ser Asn Val Val Val Phe Ser Val Lys Pro Gin Leu Val Lys Asp 65 
206 CGT GCC AGC AAC GTC GTC GTT TTC TOG GTT AAA CCT CAA TTA GTG AAG GAC 

Val Val Leu Lys Leu Lys Pro Leu Leo Thr Lys Asp Lys Leu Leu Val Ser 102 
257 GTT GTG TTG AAA TTG AAG CCC CTC CTA ACT AAG GAC AAG CTT TTC GTT TCT 

Val Ala Ala Gly He Lys Leu Lys Asp Leu Gin Glu Trp Ala Gly His Glu 119 
308 GTT GCT GCT GGA ATC AAG TTG AAA GAT CTT CAG GAA TGG GCT GGC CAC GAA 

Arg Phe He Arg Val Met Pro Asn Thr Pro Ala Ala Val Gly Gin Ala Ala 136 
359 AGA TTT ATA AGG GTA ATG CCA AAT ACA CCT GCT GCA GTT GGC CAG GCG GCA 

Ser Val Met Ser Leu Gly Gly Ala Ala Thr Glu Glu Asp Ala Asn Leo He 153 
410 TCA GTT ATG AGC TTG GGA GGA GCT GCA ACA GAA GAA GAT GCA AAT CTT ATA 

Ser Gin Leu Phe Gly Ser He Gly Lya He Trp Lys Ala Asp Asp Lys Phe 170 
461 TCC CAA TTA TTT GGG TCA ATT GGC AAA ATA TGG AAA GCT GAT GAT AAG TTT 

Phe Asp Ala He Thr Gly Leu Ser Gly Ser Gly Pro Ala Tyr He Tyr Leu 187 
512 TTT GAT GCA ATA ACT GGT CTA AGT GGC ACT GGT CCT GCT TAT ATT TAT TTA 

Ala He Glu Ala Leu Ala Asp Gly Gly val Ala Ala Gly Leu Pro Arg Asp 204 
563 GCA ATA GAG GCT CTC GCT GAT GGA GGA GTA GCA GCT GGT CTA CCC CGT GAT 

Leu Ala Leu Ser Leu Ala Ser Gin Thr Val Leu Gly Ala Ala Ser Met Ala 221 
614 CTT GCA TTA AGT CTA GCT TCT CAG ACT GTA CTA GGA GCA GCA TCA ATG GCA 

Thr Leu Ser Gly Lys Rla Pro Gly Gin Leu Lys Asp Asp Val Thr Ser Pro 238 
665 ACC CTT AGT GGG AAG CAT CCA GGA CAG CTC AAG GAT GAT GTC ACT TCT CCT 

Gly Gly Thr Thr He Ala Gly Val Bis Glu Leu Glu Lys Gly Gly Phe Arg 255 
716 GGC GGG ACA ACA ATT GCA GGC GTT CAT GAG TTG GAA AAA GGG GGT TTC CGT 

Gly Thr Leu Met Asn Ala Val Val Ala Ala Ala Lys Arg Ser Arg Glu Leu 272 
767 GGA ACA CTG ATG AAT GCT GTT GTT GCT GCC GCT AAA CGC AGC CGA GAG CTT 

Ser Stop 273 
BIB TCC TAA ACCTATAGGTGAGGATCCTATAGCAGCAGAGAG C1 1 I U- 1 AAATGGGCGAGGATCCTAT 
883 T A1 1 IC IA AGAGAAAACT TTGATTT CAG TAGA GI 1 1 itlt^I TA CATATAGTA TCTCAAAGTAGCCT 
950 TCTTTGAGATGAGTAGTAG'nX^CGGAAA'i'G 1 T I AGTCTTAGAAALTIXJITITATAAAliXTCTACTA 

1017 GTATAGACGAT7TCAGCCAAGTAGCTCAGAATAACAGCCAGTCCCG 

1084 TTGA UjI Hll 1 1 A CTGAAGACGATCATTAAGA ACAATTTGGCCACTAGACA 

1151 ATCCAGTTATGCATTTTGTCTCT AATTATATCAAGO 

1218 AAAAAAAAAAAAAAA 


Figure 1, Nucleotide sequence of clone pPPS3 and deduced amino 
acid sequence for pea P5CR. Putative 3 '-end poly(A) sequences 
are indicated by underlining. The numbering system refers to the 
DNA sequence starting at the first ATG as +1. 


kb mRNA in either the roots or shoots of etiolated seedlings 
(Fig. 5). However, in the etiolated seedlings, transcript levels 
were 5-fold higher in roots than in leaves. The 1.3-kb mRNA 
also increased approximately 6 -fold in roots of control seed- 
lings during the 3-d course of the experiment. 

Changes in P5CR protein levels in these seedlings were 
estimated by immunoblotting using a soybean nodule P5CR 
antibody, which weakly recognized an M r 28,000 protein in 
greened and etiolated tissues. In all tissues, levels of the 
presumed P5CR protein were poorly correlated with levels 
of 1.3-kb mRNA in control or salinized seedlings, remaining 
essentially constant (data not shown). 

Proline contents of the pea seedlings are shown in Figure 
6. In the leaves and roots of untreated greened seedlings, 
proline levels reflected 1.3-kb mRNA levels, being approxi- 
mately 5-fold higher in leaves. In salinized seedlings, proline 
accumulated to the same extent in both leaves and roots, 
again reflecting the increase in root 1.3-kb mRNA to levels 
approximating those of leaf tissues (Fig. 5). Proline levels in 
salt-stressed roots, in which there was a rapid increase in 1.3- 
kb mRNA levels, increased 12-fold over controls. 

In etiolated seedlings, levels of 1.3-kb mRNA and proline 
accumulation were poorly correlated. Proline levels in the 
leaf were 2-fold higher than in roots, despite the fact that 
1.3-kb mRNA levels were 5-fold higher in the latter tissues. 
Salt-induced proline accumulation was approximately equal 
in leaf and root tissues, although the magnitude of the 
response was higher in the root. 


DISCUSSION 

The pea P5CR gene characterized in this study exhibits a 
single major ORF that encodes a protein containing 273 


are approximately two to three copies of the P5CR gene per 
haploid genome (Fig. 3). Northern blot analyses of poly(A) + 
RNA isolated from leaf tissues of mature greened seedlings 
showed two distinct transcripts 1.3 and 1.1 kb in size (Fig. 
4). The 1.1 -kb transcript was not detected in total RNA 
extracted from leaves or roots of younger (1 week old) 
greened or etiolated seedlings (Fig. 5), but low levels of this 
transcript were observed in total RNA from leaves of 3-week- 
old light-grown seedlings (data not shown). 

Effect of Salt Stress on Levels of P5CR mRNA and Protein 
and Proline in Leaf and Root Tissues 

In greened pea seedlings, steady-state levels of the 1.3-kb 
mRNA in leaf tissues were approximately 5 -fold higher than 
in root tissues in control plants (Fig. 5). Irrigation of these 
seedlings with 0.4 m NaCl resulted in a 5-fold increase in 
levels of the 1.3-kb P5CR mRNA in root tissues within 6 h, 
as compared with control seedlings (Fig. 5). Root P5CR 
mRNA levels remained 4- and 3-fold higher in salt-stressed 
plants at 24 and 72 h, respectively. In contrast, there was no 
significant influence of salinizanon on levels of the 1.3-kb 
transcript in leaf tissues of these seedlings. 

Similarly, salt treatment had no effect on levels of the 1.3- 


pea 

soybean 
human 
yeast 
B. coll 


(99-106) 
(99-107) 
. (86-96) 
(109-1U) 
(91-99) 


P. aeruginosa (91-99) 
M. smith 11 (90-90) 


KLLVSVAAG 
lllllllll 
KLLVSVAAG 

DRHIWSCA 
1 1 I: t:M t 
KLLISLAAG 

1:11:111 
SLWSIAAG 

1:11:111 
QLIVSIAAG 
:: It 
TQIIHTCAG 


pea (172-185) DAITGLSGSGPAYI 

II I II I I I II Ml: 

soybean (173-1B6) DAI TGLSGSGPAYV 

M: 111 1 1 II Ml 

human C168-1B1) DAVTGLSGSGPAYA 

II 1:1 (MM:: 

yeast (1B1-194) DAATALVGSGPAFV 

:: 1 : 1 1 I : I M : 

E. coll (166-179) HPWGVSGSSPAYV 

ll:|::|||llll 

P. aeruginosa (167-100) DAVTAVSGSGPAYF 
: I :: It:: 

M. smith 11 (166-179) EIATIAASCMPAFI 


IRVMPNTPA 
Mill! Ml 
IRVMPNTPA 
It 1:111 
IRCMTMTPV 
IIIMIII 
CRVMTNTPA 
II Itllll 
IRAMPHTPA 
:| MUM 
VRCMPNTPA 
I : 
ISSTYDEDN 

46) HPGQLKDDVTSPGfiHIAfiV 
Ml MM II Mill I 11:1: 

47) HPGQLKDDVTSPGGTTITGI 
III 1111:1:1 111:11 :: 

42) HPGQLKDHVSSPGGATIHAL 
II: II :l MIIMIIC 

55) HPSVLKHQVCTPGGTTIAGI* 
III III I till I II M 

40) HP G ALKDMVCS P GGTT IEAV 

t::|: I II I I II |:: 

41) EPAELRRRVTSPNGTTEAAI 

I : 1 : t : : II I: 
40) SPDELINKVATKNGITQKGL 


Figure 2. Conserved sequences among prokaryotic and eukaryotic 
P5CRs and comparison with the pea P5CR amino acid sequence. 
Residues with a line above indicate identity with pea residues; 
conservative substitutions are indicated with two dots over the 
residue. Conservative substitutions are defined as: (a) C; (b) S, T, P, 
A, G; (c) N, D, E, Q; (d) H, R, K; (e) M, I, L, V; (0 F, Y, W (10). The 
underlined pea sequence is similar to the GTGIAP motif occurring 
within the consensus sequence for the putative NAD(P)H-ribose- 
binding site of several enzymes (6). 
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amino acid residues, assuming that the first ATG is the 
translational start codon (Fig. 1). Several lines of evidence 
support this assumption. First, use of this codon preserves 
amino acid sequence homology between the pea and soybean 
P5CR enzymes. Direct amino acid sequence data for N- 
terminal (residues 1-15) and internal peptide fragments (res- 
idues 221-241) from purified soybean nodule P5CR (7) con- 
firm the translated sequences. Second, the major ORF of the 
pea P5CR gene encodes a polypeptide with a predicted M r of 
28,242, and the soybean nodule P5CR antibody recognizes 
an M r 28,000 polypeptide from pea tissues on SDS-PAGE 
immunoblots. Finally, the predicted size for the pea enzyme 
is also similar to that for P5CRs purified from other plant 
species (7, 19) and from E. coli (13). 

Unlike P5CRs characterized from other organisms, neither 
the pea nor soybean enzyme contains any Cys residues. 

The functions of the highly conserved domains within 
P5CR proteins (Fig. 2) are unknown. However, one of these 
domains, spanning residues 235 to 266 of the pea enzyme, 
may be involved in binding the NAD(P)H cofactor. Its se- 
quence fits the overall consensus sequence characteristic of 
the Paf$-(o\d involved in binding the ADP moiety of flavin 
adenine dinucleotide/NAD cof actors (37). The occurrence of 
a hydrophobic Ala residue at position 266, in place of the 
acidic residues Asp or Glu, further suggests that the pea 
P5CR encoded by clone pPPS3 would utilize NADPH rather 
than NADH as a cofactor (37). This domain also contains a 
GTTIAG sequence (Fig. 2), which is similar to the GTGIAP 
motif found within the NAD(P)H-ribose-binding site of nitric 
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Figure 3. Southern blot analysis of pea leaf genomic DNA hybrid- 
ized with a "P-labeled 832-bp fcoRI/BamHI fragment of clone 
pPPSl. DNA (10 fig) was digested with EcoRI (lane 1), Kpn\ (lane 2), 
or Sad (lane 3), which do not cut at any sites within the clone. 
Reconstruction lane 4 contains two gene copy equivalents of probe 
DNA. DNA size markers (kb) are indicated. 
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Figure 4. Northern blot analysis of pea leaf poly(A) + RNA (5 /ig; 
lane 1) and poly(A)~ RNA (10 fig; lane 2) hybridized with a 32 P- 
labeled 832-bp EcoRI/fiamHI fragment of clone pPPSl. Positions of 
the 28S and 18S rRNA bands and RNA size markers (kb) are 
indicated. 


oxide synthase and several other enzymes utilizing this co- 
factor (6). 

To date, all of the P5CR clones that we have characterized 
appear to encode the same cytosolic enzyme, represented by 
the single 1.3-kb transcript seen on northern blots. The N- 
terminal sequence for the pea P5CR polypeptide does not 
exhibit the general characteristics of presequences associated 
with proteins imported into mitochondria or chloroplasts, 
such as an abundance of hydrophobic residues arid a net 
positive charge (36). Soybean nodule (18) and yeast (5) P5CRs 
have also been reported to be cytosolic proteins. However, 
chloroplast-localized P5CR activities have been reported for 
both greened and etiolated pea tissues (26). 

Northern analysis of pea leaf poly(A) + RNA from mature 
(4 week old) leaf tissue indicates that two distinct P5CR 
transcripts, 1.3 and 1.1 kb in size, occur in this tissue. In 
younger pea and soybean (12) seedlings, only the 1.3-kb 
transcript is expressed. The occurrence of two different tran- 
scripts in mature seedlings may result from expression of 
different P5CR genes, differential splicing of transcripts, or 
the use of different poly(A) sites during transcript processing. 
Dougherty et al. (14) speculated that differential splicing of 
the P5CR transcript in human hepatoma cells, in which there 
appears to be a single copy of the P5CR gene, might give rise 
to the kinetically distinguishable P5CR isozymes that have 
been characterized in different animal tissues. 

Multiple poly(A) patterns have been shown for several 
plant genes (11), and analysis of pea P5CR clone pPPS3 (Fig. 
1) suggests that the two pea transcripts may result from the 
use of different poly(A) signals. Unlike the soybean P5CR 
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Figure 5. Northern analysis of changes in 
steady-state levels of the P5CR 1 .3-kb transcript 
in response to salinization in etiolated and 
greened pea seedlings. Total RNA (20 jig/lane) 
was isolated from leaf and root tissues 6, 24, or 
72 h after irrigation with 0.4 m NaCI. The posi- 
tions of the 28S and 18S rRNA bands and RNA 
size markers (kb) are indicated (A). The corre- 
sponding northern blot (B), probed with a 32 P- 
labeled EcoRI/BamHI fragment of clone pPPSl, 
shows the 1.3- and 1.1 -kb P5CR transcripts in 
the poly(A) + RNA lane (5 j*g) and the 1.3-kb 
transcript in control (C) and sait-treated (S) 
seedlings. 


gene, which appears to use the canonical AATAAA poly(A) 
signal characteristic of animal genes, the pea P5CR gene 
resembles most other plant genes that have been studied in 
that it uses poly(A) signals that have diverged significantly 
from the AATAAA motif (11, 17). The putative poly(A) 
signals in the pea P5CR gene are clustered at two positions 
that would be expected to produce transcripts of approxi- 
mately 1.3 and 1.1 kb in size. Even within the 1.3-kb tran- 
script, however, the actual site of poly(A) differs among the 
three P5CR clones that we have characterized, occurring at 
three discrete loci over a span of 13 nucleotides. This may be 
attributable to the fact that two different putative poly(A) 
signals are located proximal to one another about 30 bp 
upstream from the poly(A) tract in the pea P5CR gene. 

Steady-state levels of the 1.3-kb transcript increase in the 
roots of light-grown seedlings upon salt treatment, suggesting 
that P5CR gene expression is osmoregulated in these tissues. 
In contrast to the previous report that salt-inducible P5CR 
expression occurred in the roots of etiolated soybean seed- 
lings (12), we found no evidence for this in either roots or 
leaves of etiolated pea seedlings. The reason for this discrep- 
ancy is unknown, but the results of our studies suggest that 
patterns of P5CR expression are influenced by light. Tissue- 
specific differences in P5CR expression may reflect funda- 
mental changes in the dynamics of proline metabolism in 
root and leaf tissues in response to light. Furthermore, the 
appearance of the 1.1 -kb mRNA only in older light-grown 
seedlings suggests that the expression of this P5CR transcript 
may be developmentally regulated in light-grown plants. 

The significance of the observed salt-inducible expression 
of the P5CR gene, with regard to a possible role for F5CR in 
the regulation of proline synthesis, is unclear. Changes in 
P5CR transcript levels, in response to salinization, are not 
seen in etiolated seedlings or in leaves of greened seedlings, 
although proline accumulation is observed in all salt-stressed 


tissues. In the roots of greened seedlings, increased transcript 
levels do approximately parallel a marked increase in proline 
levels. In all tissues, however, P5CR protein levels appear to 
remain more or less constant, irrespective of changes in 1.3- 
kb mRNA levels. It is possible that salt stress simply induces 
the synthesis and/or stabilization of P5CR mRNA without 
leading to increased synthesis or accumulation of P5CR pro- 
tein. We did not measure P5CR activities in the present study, 
but if one assumes that activity levels reflect P5CR protein 
levels in the pea tissues, then it seems reasonable to conclude 
that proline accumulation in the salt-stressed seedlings is not 
modulated by changes in P5CR activity but is regulated at 
the level of P5C formation, as has been suggested by previous 
workers. 
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Figure 6. Proline contents of leaf and root tissues of pea seedlings 
72 h after irrigation with 0.4 m NaCI. Data represent three replicates. 
se bars are indicated, fr wt, Fresh weight. 
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